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Abstract

Abstract
Significant efforts have been made in recent years to improve the ductility of
ultra-fine grained/nanograined (UFG/NG) materials while preserving their high
strength. Fabricating materials with gradient structures has been regarded as an
effective approach to improving both ductility and strength. The sizes of the gradient
material samples fabricated by the existing methods are limited (≤100 mm). To date, a
large-scale industrial application has not been reported due to a lack of reliable
technologies capable of producing such materials at large volumes.

In this thesis, a process using the Accumulative Skin-Pass Rolling (ASPR) technique
was developed to fabricate the large-volume metallic strips with gradient structure.
The mechanical properties and microstructure in the ASPR processed aluminium
(AA6061) and copper were systematically investigated. The effects of three ASPR
process, namely, the friction at the roll/sample interface, roll speed ratio and thickness
reduction par pass parameters, on the mechanical properties and microstructure were
investigated. It was found that: 1) the higher rolling friction increased the stress of the
ASPR processed samples; 2) the asymmetrically rolled sample had a longer uniform
elongation and total elongation than the symmetrically rolled one; and 3) the thickness
reduction per pass played an important role in the material stress. For AA6061, the
smaller reduction per pass increases the yield stress. For pure aluminium, the smaller
reduction per pass increased the ultimate tensile stress.
i

Abstract

The 300°C annealed copper sheets were subjected to ASPR of 10, 20, 50 and 100
passes, and the 600°C annealed copper sheets were subjected to ASPR of 30 and 50
passes. It is found that the ASPR processed samples exhibited yield stresses that are
much higher than the annealed sample. The uniform elongations still remain rather
moderate (for example, 29.9% for the rolled sample with 30 passes and 21.6% for the
rolled sample with 50 passes using the 600°C annealed aluminium sheets as the
staring materials). It is found that the density LAGBs layers are formed at the surfaces
of the ASPR processed samples and that the coarse grains remain in the interior of the
sample. The dense LAGBs surface layers are responsible for the increased strength,
and the coarse grains in the sample interior are responsible for the high uniform
elongation.

The pure Al and AA6061 annealed sheets were processed by ASPR. The yield
stresses of 30 passes and 50 passes rolled pure Al were 104.2

MPa and 138.6

MPa, respectively, which were approximately 2 times of the yield stress of the
corresponding annealed sample. The total elongations of the ASPR processes samples
are still quite high. A larger number of LAGBs are observed near the sample surface,
which is attributed to the enhanced strength. The TEM observation shows that the
dislocation density in the sample mid-thickness part is quite low (3.1

).

The low dislocation density in the interior of the sample is beneficial to the high

ii

Abstract

elongation. The ASPR processed AA6061 sample of 80 passes exhibits a yield stress
of 142.8 MPa, which is 2 times that (72.1 MPa) of the annealed sample. Dense
LAGBs have also been observed near the sample surface.

An ASPR process with the optimised process parameters was designed to fabricate
the sub-grain structure gradient in a copper sheet. The optimised ASPR process
significantly increases the yield strength, and the total elongation remains nearly same
as that of the annealed sample.
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Chapter 1 Introduction

The grain size of polycrystalline materials plays a crucial role in determining many of
its critical properties [1, 2]. Compared with conventional materials with grain sizes on
the order of microns, ultrafine grained (UFG) materials (with structural scales
between 100 nm to 1 µm) and nanograined (NG) materials (with structural scales
below 100 nm) show some excellent properties without the need to change their
chemical composition. These properties include ultra-high strength [3], low
temperature and/or high strain rate superplasticity [4, 5], enhanced fatigue behaviour
[6, 7] and superior corrosion resistance [8].

However, there is normally a trade-off between strength and ductility at room
temperature [9, 10], i.e., UFG/NG materials with extremely high strength usually have
limited ductility, which severely curtails the range of the engineering applications of
these materials. Significant efforts have been made in recent years to improve the
ductility of UFG/NG materials while preserving their high strength, including
producing bimodal microstructures [11, 12], coherent nanoscale twin boundaries [13,
14], a surface nano-crystallised layer with a coarse grained interior [15, 16], and
gradient hierarchical nanotwins [17], as well as introducing very small second-phase
particles [18].

Gradient microstructures, in which the grain size increases from the nanoscale at the
surface to coarse-grained in the core, have recently attracted significant research
interest as an effective approach to improving both ductility and strength. Lu and
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co-workers [15, 19] used a surface mechanical grinding treatment (SMGT) for
developing a nano-grained Cu film with a spatial grain size gradient on a coarse
grained (CG) Cu substrate.

Tensile tests of the SMGT samples showed yield strength values twice that of the CG
sample and tensile plasticity values comparable to that of the CG substrate. It was
discovered that the deformation of the nanogradient Cu was dominated by a
mechanically driven grain boundary migration with concomitant grain coarsening and
softening. Deformed coarse grains were hardened by dislocation slip and
accumulations, providing work hardening of the global sample. Thus, both hardening
and softening occurred simultaneously in the gradient microstructure, and the
dominating deformation mechanism gradually changes from dislocation slip the grain
boundary migration as the grains become smaller.

Wu et al. [16] fabricated a grain-size gradient-structured sample of interstitial-free
steel using the surface mechanical attrition treatment (SMAT). They reported that the
gradient-structured sample exhibited not only a high uniform tensile elongation,
comparable to that of the homogeneous CG sample, but also a yield strength that was
∼2.6 times as high. The enhanced ductility was explained as being due to extra strain
hardening, which was induced, in turn, by the macroscopic strain gradient and a
change in the stress state. Wei et al. [17] introduced a linearly varying nanotwinned
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structure in twinning induced plastic (TWIP) steel using the pre-torsion treatment.
They found that the yield strength was doubled while the ductility remained
unchanged. While the gradient structure could dramatically increase the yield strength
of the sample, the overall material hardening due to the hierarchical twin structures
and the resulting distributed plasticity due to the twin-twin and dislocation-twin
interactions played significant roles in retaining the ductility. Li and Soh [20]
developed a combination of theoretical analysis and finite element simulations to
investigate the effect of the grain size gradient (GSG) on the ductility of surface
nano-crystallized (SNC) materials. It was found that the ductility of an SNC material
was comparable to that of its coarse-grained counterpart, while it simultaneously had
a much higher strength than its coarse-grained core if the GSG thickness and grain
size of the topmost phase were optimised.

The sizes of the gradient material samples fabricated by the existing methods are
limited (≤100 mm) [16, 17, 19]. To date, a large-scale industrial application has not
been reported due to a lack of reliable technologies capable of producing such
materials in large volumes. A question remains regarding how to scale up the gradient
materials to the bulk engineering materials for broad industrial applications.

The research presented in this thesis is supported by an ARC Discovery project
(DP170103092) entitled “Large-volume gradient materials: manufacturing and
deformation mechanism”. In this thesis, a process that uses the accumulative
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skin-pass (ASPR) technique is developed to fabricate metallic strips with a gradient
structure. The skin-pass rolling process reduces the thickness of the material by a
small amount (usually 0.5-2%). This process only deforms the material at the surface
of the rolled strip. When the strip is deformed during rolling, the surface asperities of
the harder working rolls plough through the strip surfaces and generate a refined
structure. By repeating the skin-pass rolling, the microstructure can be changed near
the surface, while it remains unchanged in the middle thickness of the strip, which
results in a gradient structure across the strip thickness. Of the traditional metal
forming processes, rolling is the most efficient process for large-volume product
manufacture due to its continuous operation. The ASPR technology developed in this
thesis, a process based on rolling, has great potential to be a practical and highly
efficient gradient material manufacturing process with good product performance.

The thesis is organized as follows:

Chapter 1 introduces the research background.

Chapter 2 reviews the literature on ultrafine grained materials, severe plastic
deformation, ductility improvement techniques and fabrication of microstructural
gradient materials.
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Chapter 3 describes the details of the equipment and experimental processes used in
the present study.

Chapter 4 describes the ASPR process of pure copper annealed at 300°C and 600°C
and pure Al at 500°C as well as AA6061 at 550°C for AA6061 with characterization
of the subsequent microstructure and mechanical properties. The strengthening
mechanism is discussed in this section.

Chapter 5 presents the effects of the ASPR process parameters on the mechanical
properties. Then, the optimised parameters are used to fabricate a promoted copper
sample via the ASPR technique.

Chapter 6 summarises the conclusions of the present research and provides
recommendations for future works

5
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Chapter 2 Literature review
This chapter contains literature reviews of ultrafine grained materials, severe plastic
deformation, ductility improvement techniques and fabrication of microstructural
gradient materials.

2.1. Ultrafine grained materials and severe plastic deformation

Ultrafine grained (UFG) materials are defined as polycrystalline materials that have
an average grain size in the range of 100 nm to 1 µm [21]. The grain size of
polycrystalline materials plays a major role in dictating many critical properties [22,
23].

Compared with conventional materials with grain sizes of the order of microns,

UFG materials show some excellent properties without the need to change the
chemical composition. Severe plastic deformation (SPD) is an extremely effective
manufacturing process for producing bulk UFG materials. Several SPD techniques
have been developed, such as equal channel angular pressing (ECAP) [24, 25], high
pressure torsion (HPT) [26], accumulative roll bonding (ARB) [27] and asymmetric
rolling (ASR) [28,29].

2.1.1 Equal channel angular pressing (ECAP)
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ECAP was proposed by Segal et al. to obtain homogenous microstructures for cast
specimens [30]. The ECAP process is schematically depicted in Fig. 2.1. The die
consists of two channels that are intersected with each other. υ is defined as the inner
angle, and ψ is the angle corresponding to the outer curvature arc. During ECAP, the
sample, in the form of a rod or billet is pressed through the channel by a plunger. The
process is repeated several times to apply a large strain to the sample without any
shape change.

Fig. 2.1 Schematic illustration of ECAP [31].

For ECAP, one of the most significant parameters is the equivalent strain εN, which is
used for measuring the degree of deformation. εN can be expressed by the following
equation [32]:
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√ [2cot(

)+ψcosec(

)]

(2.1)

Here, N is the number of ECAP passes.

There are four major ECAP routes, i.e., A, BA, BC and C, as depicted in Fig. 2.2. The
difference between the routes is the rotation direction after each ECAP pass. Route A
is accomplished without any material rotation after each pass. In Route BA, the sample
is rotated by 90° along the alternate directions. In Route BC, the sample is rotated by
90° along the same direction and Route C requires a 180°rotation after each pass.

Fig. 2.2 Schematic illustration of routes in ECAP process [33].
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Fig. 2.3 TEM images of ECAP produced pure Al at various strain: (a) 2, (b) 4, (c) 6
and (d) 8 [34].

Fig. 2.3 showed the Transmission Electron Microscopy (TEM) images of the ECAP
produced pure Al at strains varying from 2 to 8 [34]. It was observed that the grain
size decreased with the applied strain. The grain size reached the sub-micro scale after
the material was subjected to the strain of 8 (8 ECAP passes, as indicated in the paper,
one time through the die is 1).

Fig. 2.4 showed the engineering stress and strain curves of the ECAP processed IF
steel [35]. It was found that the strength was increased dramatically after the first
9
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ECAP pass and gradually enhanced by increasing the number of passes. The uniform
elongation dropped drastically after the first pass of ECAP and continued to obtain
similar values in the consecutive passes. Tsuji [36] indicated that the drop of the
ductility was due to the plastic instability that occurred at the early stage of
deformation.

Fig. 2.4 Engineering stress and strain curves of IF steel subjected to ECAP with up to
8 passes [35].

2.1.2 High pressure torsion (HPT)

The HPT process is schematically illustrated in Fig. 2.5. During the process, a disk
shaped sample is placed between two anvils and is subjected to compressive pressure
at the desired temperature range. The sample is then subjected to torsion via the
rotation of the lower anvil.
10
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Fig. 2.5 Schematic image of a typical HPT process [37].

The true shear strain of HPT is expressed by the following [37]:
ε=ln(1+

)1/2

(2.2)

where υ is the rotational angle, r is the radius of the disk sample and h is the thickness
of the disk.

When the revolution number N is used, Eqn. 2.2 can be rewritten as follows [38]:
ε=ln(

)=ln(

)

(2.3)
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HPT has been applied to study numerous metallic materials and has been found to
improve the microstructure and mechanical properties. HPT can obtain the most
refined grains compared to other SPD techniques.

Fig. 2.6 Microstructures of Ni sample after HPT: a) centre part after 5 turns at 1GPa,
b) edge part after 5 turns at 1GPa [39].

Fig. 2.6 showed the TEM bright field image of nickel after 5 turns of HPT at a
pressure of 1 GPa at both the centre and edge areas. The selected area electron
diffraction spots (SAED) indicated that the microstructure had been refined to near
~0.17μm in the vicinity of the edge area. It was observed in Fig. 2.6 (b) that the grain
boundaries had high misorientation angles at the edge area. The grain size at the
centre area was almost twice that at the edge area [39].

Fig. 2.7 showed the TEM bright field images of copper after HPT at 1/2, 1, and 5
revolutions. The SAED pattern in Fig. 2.7 (a) showed an elongated and clustered
diffraction, which indicated the subgrain feature. The measured grain size was ~565
12
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nm after ½ revolution. After 1 turn, the grain size distribution was more uniform, and
the average size was reduced to ~470 nm with a rather high dislocation density. When
the strain further increased after 5 turns, the microstructure was not homogeneous,
and the grain size was approximately ~150 nm [40].

Fig. 2.7 TEM images of copper after HPT processing: a) 1/2 turn, b) 1 turn and c) 5
turns [40].

Fig. 2.8 gave the hardness distribution of the commercial purity Al sample subjected
to various numbers of revolutions of HPT [41]. At N=1, the lowest point was at the
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central area of the specimen, while the higher hardness value (approximately 600MPa)
was observed at the edge area. With the development of the number of turns, the
hardness at the central area increased. At 4 and 8 turns, the specimen was
homogenous in hardness across the radial direction [41].

Fig. 2.8 Microhardness distribution along the diameter of pure Al disk after several
numbers of revolutions of HPT [41].
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Fig. 2.9 Engineering stress/strain curve of CP Ti at 523K [42].

The tensile property of CP Ti after 1 and 5 turns of the HPT process was shown in Fig.
2.9. These specimens were deformed under a strain rate of 10-3 s-1 at 523 K. The 1
turn specimen exhibited high strength but limited elongation, with an estimated grain
size of ~20μm. At 5 turns, the elongation was improved while the strength still
remained high. Valiev [42] concluded that there existed a critical strain above which
the ductility can remain reasonably high with a relatively high yield stress.

2.1.3 Accumulative roll bonding (ARB)

In 1998, Saito et al. [43] invented the ARB process to impose severe plastic strain on
metallic sheets, as shown in Fig. 2.10. Two layers of the original sheets are
surface-treated, stacked and rolled to obtain a one-body solid material. The rolling
15
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employed in the ARB is not only a deformation process but also a bonding process
(roll-bonding). The rolled material is then sectioned into halves. The sectioned sheets
are again surface-treated, stacked and roll-bonded in the next cycle. The reduction in
thickness during each rolling cycle is approximately 50% and the increase in width is
negligible; thus, the thickness of the bonded materials can remain the same during the
ARB process, resulting in a theoretically endless number of cycles. Therefore, an
ultrahigh strain and significant grain refinement can be achieved.

Fig. 2.10 Schematic illustration of ARB process [43].

In ARB, the sample is assumed to be deformed in a plain strain condition and the
equivalent strain can be calculated by the following equation [44]:
=

√

√

(2.4)

where εeq is the equivalent strain, h0 is the initial thickness of the two-stacked
specimen, h is the specimen thickness after rolling, r is the thickness reduction per
rolling pass and n is the number of the ARB cycles. If the thickness reduction in ARB
is approximately 50%, then the calculated εeq is 0.8 per rolling pass.
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Fig. 2.11 showed the microstructure of the ARB processed AA606 [45]. In this work,
two sheets of 1 mm 20 mm were bonded together and rolled to a 50% of thickness
reduction. To acquire enough bonding strength, the surfaces of these two sheets were
degreased and wire-brushed by a stainless brush before rolling. During the experiment,
the ARB process was performed for up to 8 cycles at room temperature without
lubrication. It is observed in Fig. 2.11 that the grains in the ARB processed materials
are elongated in the rolling direction. There were mainly two identified grain
boundaries, i.e., the lamellar boundaries and short transverse boundaries. The lamellar
boundaries were aligned approximately parallel to the rolling direction while the
transverse boundaries were interconnected with the lamellar boundaries and consisted
of both a low angle grain boundary and a high angle grain boundary [46]. As the ARB
pass increased, the spacing of these two boundaries dropped. The spacing along the
sample thickness direction (ND) was usually less than 1 μm.

The mechanical properties of pure aluminium and AA6061 processed by ARB by
Saito [47] were shown in Fig. 2.12. The strength of pure Al increased largely with a
strain up to 1.6, above which, the increment in the strength became less dramatic. On
the other hand, the strength in the AA6061 increased almost linearly with the
increasing strain up to 4 [47]. Meanwhile, the elongation dropped drastically after the
1st cycle for both the ARB processed pure Al and AA6061 [47].
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Fig. 2.11 TEM images of ARB processed AA6061 at different rolling passes: a) 2, b)
4, c) 6 and d) 8 pass [45].
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Fig. 2.12 Mechanical properties of ARB processed pure Al [47] and AA6061 versus
total equivalent strain [45].

Eizadjou processed pure aluminium sheets by ARB [48]. Fig. 2.13 showed the
engineering stress-strain curves of the pure aluminium sheets after ARB. It was
observed that the yield strength increased significantly as the ARB cycle number
increased and the necking occurred directly following the yielding for all the ARB
processed samples. The poor ductility and little work hardening have been attributed
to the plasticity instability [49].
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Fig. 2.13 Engineering stress versus strain curve of ARB process of pure aluminium
[48].

2.1.4 Asymmetric rolling (ASR)

Asymmetric rolling (ASR) is a special rolling technique that can impose larger shear
deformation into the work piece and therefore reduce the grain size and increase the
strength of the sample [28,29]. There are two major types of asymmetric rolling, i.e.,
one with different work roll diameters and the other one with different work roll
surface speeds. The ASR is schematically illustrated in Fig. 2.14.

20

Chapter 2 Literature Review

Fig. 2.14 Schematic illustration of asymmetric rolling [50]: (a) different work roll
surface speeds and (b) different work roll diameters.

In ASR, the specimens are subjected to severe shear stress as well as the normal stress.
According to Ref. [51], the equivalent strain in ASR can be calculated via the
following:
ε=

(2.5)

r=1-( ⁄ )

(2.6)

√

where

and

are the thickness of the sheet before and after the asymmetric

rolling, and θ is the apparent shear angle of which the position of the rolling sheet is
perpendicular to the surface of the strip before rolling deformation. The shear angle
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can be measured via each point of the inserted wire along the rolling strip (shown in
Fig. 2.15.)

Fig. 2.15 Shape changing of inserted wire during asymmetric rolling [51].

Fig. 2.16 compared the mechanical properties of the samples deformed by the
symmetric and asymmetric rolling. The asymmetrically rolled sample exhibited
higher strength than the symmetrically rolled ones at a higher reduction level (90%).
The higher strength in asymmetrically rolled one (Fig.2.16b) was ascribed to
additional shear stress introduced by asymmetric rolling. The results were also
verified using equivalent strain method in Ref [52]. At lower reduction, both methods
exhibited similar properties.
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Fig. 2.16 Engineering stress-strain curves of Al processed via (a) symmetric rolling
and (b) asymmetric rolling [53].
A combination of the ARB and ASR techniques was applied in Ref. [29], and a thin
foil with extreme strength was produced. In this work, AA6061 and AA1050
samples 60 mm 1.5 mm in size were used to manufacture the thin foils. AA1050
was annealed at 450°C for 1 hour and AA6061 was annealed at 500°C for 2 hours.

Before rolling, these two sheets were welded at one side and pre-heated at 200°C for
3 minutes and were then ARB processed by the 50% reduction. After the ARB
process, the thickness was reduced to 1.51 mm. Cooled down to room temperature,
the specimens were subjected to asymmetric rolling with the reduction of the
thickness from 1.5mm to 0.04mm. The rolling speed ratio between the upper and
lower rolls was 1.3.
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The stress-strain curves and the corresponding microstructure were shown in Fig. 2.17
and Fig. 2.18, respectively. It was observed in Fig. 2.17 that the strength significantly
increased after the ARB/ASR process. The uniform elongation was slightly improved
after three AR passes. Fig. 2.18 showed that the average grain size of the AA6061
and AA1050 layers were reduced to approximately 140 nm and 235 nm,
respectively, after four AR passes.

Fig. 2.17 Engineering stress-strain curves of ARB/ASR processed AA6061/1050 [29].
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Fig. 2.18 TEM bright field images of ARB processed sample and AR processed
sample: (a) ARB, (b) AR 1st circle, (c) 3rd AR pass, (d) 4th AR pass [29].

Yu et al. cooled the AA 6061 samples in liquid nitrogen for 8 minutes before
asymmetric rolling to suppress the dynamic recovery and thus to further refine the
grains [54]. The samples thickness was reduced from 1.5 mm to 0.19 mm via seven
rolling passes. Ageing was conducted after rolling at 100°C for 48 hours. Fig. 2.19
showed the tensile testing results. It was observed that after 6 rolling passes, the
ultimate tensile stress had been increased from 140 MPa to 235 MPa and it decreased
after the 7th rolling pass. Both strength and elongation have been increased after
ageing.
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Fig. 2.19 Tensile test results of rolled and aged samples: (a) stress-strain curves for
rolled samples; (b) stress-strain curves for aged samples; (c) comparison of ultimate
tensile stress; (d) comparison of elongation [54].

2.1.5 Grain refinement mechanisms

Fig. 2.20 demonstrated a microstructure evolution process during the plastic
deformation. A large number of dislocations were generated during the plastic
deformation. The dislocations tangled and kinked with each other and formed the
dislocation walls at low plastic strain and then agglomerated into the sub-grain
boundaries with the development of deformation. Sub-grains and dislocation walls
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acted as barriers to the dislocation propagation. With the subsequent deformation, the
misorientation angles between sub-grains increased and then evolved into the grain
boundaries, while the dislocations in the sub-grains were eliminated at the grain
boundaries, leaving the grain boundaries with the high misorientation angles and an
almost clean grain interior [55].

Fig. 2.21 showed another microstructure evolution mechanism that was called
continuous dynamic recrystallization (CDRX) and usually occurred at an elevated
temperature [55-58]. In Fig. 2.21 (a), the low angle grain boundaries (LAGBs) were
formed by the rearrangement of accumulating dislocations along the shear direction
[59-61]. The sub-grain boundaries became elongated and are the result of the slip with
shear banding. Such sub-grain boundaries were termed as geometrically necessary
boundaries (GNBs). Another type of sub-grain boundary existed, called incidental
dislocation boundaries (IDBs), which were caused by the dislocation rearrangement
inside the elongated sub-grains and formed an equiaxed sub-grain structure and were
one type of the transverse LAGBs. With the increment of the applied strain, the
mobile dislocations were impeded by the sub-grain boundaries and were trapped, as
shown in Fig. 2.21 (b), resulting in an increased misorientation angle and a transition
from LAGBs to HAGBs. In Fig. 2.21 (c), the HAGBs acted as the ideal places for the
nucleation of the fine grains. Finally, the rotating sub-grains have turned into fine
grains with HAGBs (depicted in Fig. 2.21 (d)).
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Fig. 2.20 Schematic description of microstructure evolution during the plastic
deformation: a) homogeneous distribution of dislocations, b) the cells become
elongated, c) dislocation pile-up at sub-grain boundaries, d-e) change of the elongated
grain into reorientated boundaries and reform new ultrafine grain [55].
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Fig. 2.21 Schematic illustration of grain refinement in AA1421: a) formation of arrays
of dislocations along the sub-grain boundaries, b) interaction of LAGBs with lattice
dislocations and increase the misorientation angle, c) nucleation of sub-grain structure
and d) rotation to transform the LAGBs into HAGBs [58].

Wu et al. [62] proposed a grain refinement mechanism for the HPT processed
FeCoCrNi high-entropy alloy, as demonstrated in Fig. 2.22. In this mechanism, the
transition from the coarse grain to nanograin lied on the deformation twinning and
twin band.
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Fig. 2.22 Schematic illustration of grain refinement process in HPT processed
FeCoCrNi high-entropy alloy [62].

During HPT, the sample was subjected to a high pressure of 4 GPa. The deformed
twins and nanobands were formed. The nanobands were divided into segments after
the interactions between the nanobands and twins, and the equiaxed sub-grains were
then formed. This process consumed some twins but the remaining twin boundaries
transferred into incoherent high angle grain boundaries and converted the primary
twins into equiaxed grains.

He et al. [63] proposed a grain refinement mechanism for SS304 during the HESP
process, as shown in Fig. 2.23. Before shot peening, the grains contained stacking
faults, dislocations and twins (Step 1 in Fig. 2.23). During the deformation process,
the dislocations rearranged to form planar dislocation arrays (PDA) (Step 2 in Fig.
2.23) [64]. In Step 3, the formed deformation twinning interacted with each other.
With increasing the strain, ε-martensite formed in the deformation twinning Step 4 in
Fig. 2.23. Then, the shear bands began to emerge at the lamellar structure area and the
α’-martensite island generated (Step 5 and 6). Finally, the newly formed structures
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would distort the original grain boundaries and formed the equiaxial refined grains via
the development of the new grain boundaries.

Fig. 2.23 Schematic illustration of the grain refinement mechanism for SS304 [63].

2.2 Ductility improvement techniques

It is well known that the UFG materials exhibit high strength compared to their coarse
counterpart but that their ductility values are significantly reduced, and their structural
stability becomes poor [44, 65-67]. The deterioration of these properties constrains
the application of the UFG materials.
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Fig. 2.24 Normalised yield strength and elongation of UFG materials [68].

Fig. 2.24 shows the yield stress of a number of UFG materials against the elongation.
The red-line curve represents the strength-ductility trade-off. A very clear paradox of
the ductility and strength is observed [68]. During last decade, significant efforts have
been made to improve the ductility of UFG materials while preserving their high
strengths, by producing the following structures:
1. Bimodal microstructure;
2. Coherent nanoscale twin boundaries;
3. Gradient hierarchical nanotwins;
4. Introducing tiny second-phase particles;
Surface nano-crystallised layer with a coarse-grained interior (gradient
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structure).
Studies relevant to points 1-4 will be reviewed in this section, while research on
materials with gradient structures will be reviewed in detail in Section 2.2.1-2.2.4

2.2.1 Bimodal microstructure

Wang et al. [69] rolled pure copper to the reductions of 93-95% at the cryogenic
temperature to generate the nano structure and avoid dynamic recovery. The
subsequent annealing processed at different temperatures and time durations caused
the mechanical properties to be different from the coarse grain sample and the purely
deformed samples. The engineering stress-strain curves were shown in Fig. 2.25.
Curves A to E were the results of the annealed, coarse-grained sample, ambient
temperature rolled sample, cryogenic temperature rolled sample, cryogenic
temperature rolled sample with annealing at 180°C for 3 minutes and cryogenic
temperature rolled sample with annealing at 200°C for 3 minutes, respectively.
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Fig. 2.25 Engineering stress–strain curves for pure Cu [69].

It was observed in Fig. 2.25 that Curve E had a 0.2% yield stress, which was similar
to that of Curves B and D, but its elongation to failure was almost the same as the
annealed coarse-grained sample. The yield strength for Curve E was approximately
330 MPa and the yield strength of Curve B is 390 MPa. However, the elongation of
Curve E was several times larger than Curve B. The TEM images of Samples D and E
were shown in Fig. 2.26. It was observed that Sample E had a bimodal structure of the
coarse and refined grains, which was not observed in Sample D.
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Fig. 2.26 TEM images of the Cu sample with 93% reduction and annealing at 180°C
(a) and 200°C (b) [69].

The annealing temperature plays an essential role in producing the bimodal structure
and is responsible for the enhancement of plasticity. The large grains can compensate
for the loss of the deformation stability and improve the ductility of the refined grain
matrix structure. The heavy deformation causes high strength and the abnormally
grown grains during the annealing process may aid in the ductility improvement. This
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phenomenon was also reported for highly deformed nanocrystalline nickel samples
with annealing [70-72].

Fan et al. [73] reported on a bimodal structure consisting of coarse grains of several
micrometres and ultrafine grains of hundreds of nanometres via cryomilled
Al-7.5%Mg powders for 8 hours. Oxidation was suppressed under an extremely cold
temperature in this research. The as-cryomilled Al–Mg powders have a grain size
distribution of near 30 nm [74]. After cryomilling, the powders were mixed with the
coarse-grained powders at a weight ratio of 9:1. The powder mixtures were
consolidated by hot isostatic pressing at four temperatures, 275, 300, 325, and 350°C,
at a pressure of 150 MPa for 3 h and then subjected to hot extrusion at 250°C [75].
The morphology was shown in Fig.2.27. The grey areas were the UFG matrixes,
while the white dots represented the coarse grains along the extrusion direction. It was
known from Fig. 2.27(d) that the average grain sizes of the UFG matrix and coarse
grains were 197 nm and 3.1 μm, respectively. It was also found that the large grains
not only contributed to the increment of plasticity but delayed the plastic instability.
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Fig. 2.27 (a) Optical image of specimens along the extrusion direction, (b) direction
perpendicular to the extrusion, (c) TEM image of as-extruded sample, (d) the average
grain size distribution [73].

2.2.2 Coherent nanoscale twin boundary

Lu et al. [76] studied an as-deposited nanotwinned copper compared to a
nanocrystalline copper sample and coarse-grained copper sample. In this work, they
synthesised a high purity copper sample with nano twins via electron deposition from
a CuSO4 electrolyte. As shown in Fig. 2.28, the yield stress of the electron deposited
sample had reached 900 MPa, which was higher than the nanocrystalline sample and
it exhibited longer elongation than the nanocrystalline sample.
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The microstructure examination showed that the as-deposited copper sample
consisted of high density of nanotwins. The numerous coherent twin boundaries acted
as barriers to the motion of dislocations to increase the yield strength. The remaining
ductility originated from the work hardening stage during the deformation, which was
the result of the pile up of dislocations at the twinning boundaries.

Fig. 2.28 True stress/strain curves of electron deposited copper sample with coarse
grains, and nanocrystalline Cu sample [76].
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Fig. 2.29 Uniaxial tensile true stress–true strain curves for nt-Cu samples, different
number corresponds for the thickness of the twin lamellae [76].

Lu et al. [77] conducted uniaxial tensile tests on the electron deposited high purity
copper samples with various twin thicknesses. Fig. 2.29 showed the tensile test results
in which nt-λ represented the nano-twined sample with a twin thickness of λ nm.
Coarse-grained Cu (CG-Cu) and an ultrafine-grained Cu (UFG-Cu) were included in
this figure. The Nt-λ samples had higher stresses than the UFG or CG samples
indicating that strengthening has been achieved by introducing twin boundaries into
the submicrometer grains. It was observed in Fig. 2.29 that the stress increased as the
twin thickness increased from 4 nm to 15 nm (Fig. 2.29 B). However, beyond 15 nm,
the stress decreased as the twin thickness increased (Fig. 2.29 A).
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The microstructures for various twin thicknesses were shown in Fig. 2.30. The TEM
images showed that the shapes of some grains were irregular. The low-magnification
images showed that the grains were roughly equiaxed in three dimensions. The
estimated grain sizes for all nt-Cu samples were similar with average diameters of
approximately 400 to 600 nm.

Fig. 2.31 showed high resolution TEM images of specimens with various twin
thicknesses. In the nt-96 sample, tangles and networks of dislocations were observed
at the TBs as shown in Fig. 2.31 (A). Lu et al. [77] found that the dislocation density
was approximately 1014 to 1015 m–2 in the nt-96 sample. It was observed from Fig.
2.31 (B) and (C) that the nt-4 sample had substantial stacking faults and Shockley
partial dislocations at the TBs. Lu et al. [77] concluded that with increasing the strain,
the interaction of dislocations and TBs would generate a high density of the partial
dislocations steps along the TBs and stacking faults to connect the slip planes to the
TBs. Such a configuration of defects was testified in Fig. 2.31 (C). The density of the
partial dislocations in the nt-4 sample was approximately 5 1016 m–2. The density
was two orders larger than that in the nt-96 sample, suggesting that decreasing the
twin thickness might benefit the dislocation-TB interactions and provided more
spaces for storing the dislocations, which sustained more pronounced strain hardening
in the nt-Cu [78, 79].
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Fig. 2.30 TEM images of deposited copper samples with various mean twin
thicknesses: (A) 96 nm. (B) 15 nm. (C) 4 nm [77].
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Fig. 2.31 TEM image of deposited samples: (A) tangling of lattice dislocations in
nt-96 copper. (B) A large density of stacking faults (SFs) presented along the twin
boundary in nt-4 sample after 30% tensile deformed. (C) HREM image of nt-4 sample
showing Shockley partials and stacking faults at TBs and the activities of these lattice
dislocations and faults [77].

2.2.3 Gradient hierarchical nanotwin

Motivated by the idea of introducing twin boundaries and twin structures [76, 77, 80]
to increase both the strength and ductility, a novel way to produce the gradient
hierarchical nanotwins has been proposed [81].
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Wei et al. [81] fabricated FeMnC TWIP steel with the gradient hierarchical nanotwins.
The material was prepared via induction melting in an Argon atmosphere and cast to a
flat sheet as the ingot. The specimens were rolled at 1050°C first and then at 975°C ,
followed by air cooling at room temperature. The specimen thickness was reduced
finally to 26mm during the rolling.

Fig. 2.32 showed the TEM images of the steel samples. It was observed in Fig. 2.32 (a)
that the first generation of twins formed from the top left to the bottom right along the
pink arrows, and the second generation of twins formed in the preferential
orientations which were shown by the blue arrows. The third generation of twins
emerged between the second generation of twins, and they were parallel to the first
generation of twins, as indicated by the green arrows. Fig. 2.32 (b) showed the
high-resolution image of the formation of twin junctions when the secondary twins
penetrated the primary twins.

This hierarchical twin structure gave way to the activation of other twin systems after
the subsequent tension. The hierarchical twin networks decreased the grain boundary
deformation and failure and crack formation.

Kou et al. [82] fabricated a hierarchical nanotwins structure in twinning induced
plasticity (TWIP) steel to promote the ductility of the specimens. In their work,
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different scales of twinning were tailored by surface mechanical attrition treatment
(SMAT) methods to build-up a hierarchical nanotwins system. The simulations have
shown that the cleavage mode of this type of nanotwins was different from the
traditional twinning system. The crack resistance was enhanced by the crack blunting
and the dislocation activities at the secondary twins. The hierarchical nanotwins
structures were shown in Fig. 2.33 and Fig. 2.34. The former showed the schematic
and TEM image; the latter gave the hierarchically twinned 3-D structure. The
mechanical properties showed that the as-produced specimens exhibited a yield stress
of over 2 GPa, while the elongation remained 15% without a heavy loss of
formability.

Fig. 2.32 TEM image of the hierarchical twin structures [81].
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Fig. 2.33 TEM images of the hierarchical nanotwins structure in the SMAT processed
TWIP steel: a) the schematic illustration of hierarchically twinned structure, b) TEM
image of the hierarchically twinned structure, c) TEM morphology of hierarchically
twinned structure at tensile testing, d) the schematic illustration of hierarchically
twinned structure after tensile test. T1, T2, T3 indicates the 1st, 2nd, and 3rd order of
twins [82].
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Fig. 2.34 3-D built-up simulation of the hierarchically twinned structure: 1st, 2nd, and
3rd order of twinning is shown in blue, orange and green color respectively [82].

In the other studies [83, 84], theoretical calculations were performed to explain the
deformation mechanism of the hierarchical nanotwinned structure. Zhu et al. [63]
concluded that the strength and ductility were associated with the spacing between the
twin boundaries and the dislocations interactions with the twin boundaries. They
introduced the dislocation pile-up zone near the inner boundaries, as shown in Fig.
2.35. The generated hierarchical twinning system could be divided into two parts, i.e.,
the dislocation pile up zone of grain boundaries (GBDPZ) and the dislocation pile up
zone of twin boundaries (TBDPZ) where the dislocation-based activities at the TBs
were the major sources of deformation.
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Fig. 2.35 Schematic illustration of hierarchical nanotwinning system with GBDPZ
and TBDPZ [84].

2.2.4 Tiny second-phase particle

It is well known [85] that the ageing treatment can promote the mechanical properties.
In Yuan et al.’s work [86], after ageing, the ECAP processed AZ91 alloy showed a
higher yield stress and elongation compared to the as-deformed specimens, as shown
in Fig. 2.36.
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Fig. 2.36 True stress/strain curve of 12 passes ECAP processed samples in various
states [86] (AC-as cast, SHT-solution heat treatment).

The TEM image in Fig. 2.37 showed that a large number of precipitates were located
at the high density dislocation spot. During ECAP, the dislocations piled-up and
tangled with each other in the grains, providing the nucleation of precipitates. The
newly formed particles in turn impeded the dislocation movement. The interaction
between the precipitates and dislocation effectively increased the dislocation kinking
to increase the strength and accelerated the grain refinement. In addition, the
sufficient dislocation source provided a longer strain hardening stage, leading to
increased ductility.
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Fig. 2.37 TEM images of the AZ91 alloy after ECAP processing of 12 passes and
ageing [86].

Water quenched (WQ) AA6061 alloy samples after ECAP processing were subjected
to ageing at 373 K [87]. The stress-strain curves shown in Fig. 2.38 indicated that the
strengthening and elongation of the aged samples after the WQ-ECAP process were
better than those produced only by WQ+ECAP, WQ+unECAP, FC+ECAP (furnace
cooled) and FC+ unECAP (shown in Fig. 2.38).

The subsequent microstructure characterization via TEM (Fig. 2.39) showed a high
density of dislocations in the aged sample, indicating that the recovery process was
supressed during ageing. In addition, small particles as precipitates emerged at the
positions where the dislocations tangled. It has been concluded that the small
precipitates were beneficial to the nucleation of dislocations and in turn enhanced the
ductility and strength of the specimens.
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Fig.2. 38 Engineering stress/strain curve of several methods of AA6061 alloy [87].

Fig. 2.39 High magnification TEM bright field image and corresponding SAD pattern
of precipitates in ECAPed 6061 sample of water quench and ageing [87].

Shaterani et al. [88] used a 2124 aluminium alloy to study the effect of the precipitates
on the mechanical properties of the samples processed by accumulative back
extrusion (ABE). They deformed the 2124 alloy at 100 and 200°C. The results have
shown that after the first extrusion, the primary particles were refined, and the particle
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size was further reduced at the subsequent extrusion. The same precipitate refinement
has been observed when the deformation temperature was increased, as shown in Fig.
2.40. The reason for the precipitate’s refinement has been attributed to the Ostwald
ripening mechanism, also known as Lifshitz–Wagner’s equation [89, 90]. The
particles grew gradually during high temperature. The growth behaviour of
precipitates at high temperatures has been described via the following:
-

=Ft

2.7

where d was the diameter of the precipitates, d0 was the precipitates diameter at time t
= 0, t was the time and F was the coarsening rate constant [89].

Fig. 2.40 Distribution of primary particles after ABE process to (a) one pass at 100°C,
(b) three passes at 100°C, (c) one pass at 200°C, (d) three passes at 200°C. The flow
direction is indicated by yellow arrows [88].
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The corresponding mechanical properties were shown in Fig. 2.41. It was observed
that the aging increased both yield strength and elongation after three passes of ABE
at 200°C. This result was due to the homogenous re-precipitation of the secondary
particles.

Fig. 2.41 Tensile stress–strain curves for the initial and processed materials obtained
at room temperature [88].

2.3 Microstructural gradient materials

Materials with the gradient microstructures, named gradient materials in the following
context, have recently attracted significant research interest as an effective approach
to improving both ductility and strength.
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The strength and ductility values of the course grained (CG) materials, materials with
bimodal structures (CG+NG), nano-grained (NG) materials and gradient nano-grained
(GNG) materials were schematically compared in Fig. 2.42. Compared to the CG
material, the strength of the CG/NG was increased at the expense of the ductility. The
GNG material had the same strength as the CG+NG material but its ductility was
higher than that of the latter.

Fig. 2.42 Schematic of ductility versus strength of several samples [91].

As shown in Fig. 2.43, four types of gradient materials existed, as follows [92]: 1)
grain size gradient (Fig. 2.43 (a)); 2) twin thickness gradient (Fig. 2.43 (b)), lamellar
thickness gradient (Fig. 2.43 (c)) and columnar size gradient (Fig. 2.43 (d)).
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Fig. 2.43 The classification of gradient nanostructures (GNS) with grain size gradient
(a), twin thickness gradient (b), lamellar thickness gradient (c) and columnar size
gradient (d) [92]

At present, the gradient materials are usually fabricated by two methods, i.e., the
plastic deformation method and the physical or chemical deposition method, as shown
in Fig. 2.44.
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Fig. 2.44 Schematic showing two major types of gradient materials manufacturing
methods: a) surface coating or depositing method, b) surface self-nanocrystallization
induced by plastic deformation method [93].

2.3.1 Physical or chemical deposition method

A coating or deposition can be applied onto the surface of the coarse grained substrate
to create a nanostructured surface layer. The widely applied methods of the coating or
deposition techniques are physical (sputtering, laser or electron beam deposition) or
chemical (Chemical vapour deposition-CVD or electron chemical deposition)
deposition.
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In these processes, the microstructure of the deposited material is determined by the
dynamics of the deposition process. By controlling the deposition technique or
controlling physical or chemical deposition kinetics, the structure and composition of
the material can be altered to achieve a gradient change in the structure.

Singh et al. [94] developed the electron beam physical vapour deposition (EB-PVD)
technology to synthesize nano-structural materials. Lu et al. [95] fabricated the copper
foil through the electron deposition from the CuSO4 solution to obtain a series of the
samples with the same grain size and various twin densities. The results showed that
with a higher density of twins, the strength was enhanced from tens of MPa to near 1
GPa. Furthermore, the strength and ductility also increased as the twin lamellae
thickness decreased.

2.3.2 Gradient materials fabricated by the plastic deformation method

Surface mechanical attrition treatment (SMAT) [96, 97] and surface mechanical
grinding treatment (SMGT) [98] are two commonly used manufacturing methods to
fabricate the gradient structural materials. The schematics of SMAT and SMGT are
shown in Fig. 2.45.
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In SMAT, the hardened steel balls are placed at the bottom of a cylinder-shaped
chamber that is vibrated by a generator. The balls are resonated and the peen of the
sample surface is placed at the upper side of the chamber.

In SMGT, the rod sample is rotated as v1. A WC/Co tip is set to make contact with the
surface of the rod sample and puled at a speed of v2 to grind the sample surface.

Fig. 2.45 Schematic illustration of SMAT process: a) the machine of SMAT, b) the
localized plastic deformation distribution at the surface, c) and d) Schematic
illustration of SMGT process [98,99].

Lu and his co-workers [98] used SMGT to produce a nano-grained Cu film with a
spatial gradient grain size on the bulk coarse-grained (CG) Cu substrate. Before
SMGT, the high purity copper was annealed at 873K for 3 hours to obtain the
coarse-grained structures. The average grain size of the annealed sample was
approximately 20-30 μm. The annealed samples were SMGT processed at liquid
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nitrogen temperature (~173K). The microstructure after SMGT was shown in Fig.
2.46. The surface grain size was approximately 20 nm and gradually increased along
the thickness direction.

Fig. 2.46 Gradient structure of copper after SMGT [98].

The grain size and hardness as functions of the distance from the sample surface were
shown in Fig. 2.47 (b). With the increased depth, the grain size gradually became
larger, and correspondingly, the hardness gradually decreased. It was also found that
the measured elastic modulus remained constant at 121.1 6.6 GPa along the
thickness direction, which meaned that the effect of the grain size on the elastic
modulus was negligible.
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Fig. 2.47 Distributions of average grains size (a) and hardness (b) with the distance
from the surface of the SMGT processed sample [98].

Lu and his co-workers discovered that deformation of the nanogradient Cu was
dominated by a mechanically driven grain boundary migration with concomitant grain
coarsening and softening [100]. Deformed coarse grains were hardened by the
dislocation slip and accumulations, providing the work hardening for the entire
sample. The entire process could be described as follows: first, the deformation began
in the coarse grains and transmitted to the surface nanograins to avoid the strain
localization. Then, the deformation in the nanograins was through the grain boundary
migration under stress while the deformation in the CGs occurred via the dislocation
activities. Both hardening and softening occurred simultaneously in the gradient
microstructure and the dominating deformation mechanism changed gradually from
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the dislocation slip to the grain boundary migration as the grains became smaller.
Thus, the gradient structure could increase both ductility and strength.

Hughes et al. [101] produced a gradient structure consisting of nanostructured copper
at the surface via pressing high purity Cu and hardened steel together and sliding them
against each other under large loads. The grain size near the surface was 10 nm and
gradually coarsenedwith the increment of depth.

Lu et al. [93, 98] used the surface mechanical grinding treatment (SMGT) to fabricate
gradient structures that had nanograins at the sample surface and microscale grains at
sample’s inner area.

Wu et al. [102] fabricated a grain-size gradient-structured sample of interstitial-free
steel by SMAT. They reported that the gradient-structured sample exhibited not only
a large tensile uniform elongation compared to that of the homogenous CG sample
but also higher yield strength. The enhanced ductility was explained by the extra
strain hardening stage, which was caused by the strain gradient. The strain gradient
was accommodated via the generation of geometric necessary dislocations (GNDs)
and the GNDs interacted with mobile dislocations to increase the dislocation storage
and promoted the dislocation activities.
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Li and Soh [103] developed a combination of the theoretical analysis and finite
element simulations to investigate the role of the grain size gradient (GSG) on the
ductility of the surface nano-crystallized (SNC) materials. It was found that the
ductility of the SNC material can be comparable to that of its coarse-grained
counterpart, while it simultaneously possessed a much higher strength than its
coarse-grained core if the optimal GSG thickness and grain size of the topmost phase
were adopted.

Wu et al. [104] applied the asymmetric rolling method and annealing to manufacture a
heterogeneous lamella (HL) structure consisting of UFG and a coarse grain structure
of pure Ti. Fig. 2.48 showed the tensile engineering stress–strain curves of various Ti
samples. The UFG sample was fabricated by asymmetric rolling. The HL Ti samples
were obtained by annealing the UFG samples at 475 °C for 5 min. The number after
HL was indicative of the sample thickness (μm). It was observed that the HL 60 and
HL 80 samples had similar yield strengths as the UFG material and a similar uniform
elongation to the CG material.
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Fig. 2.48 Engineering stress–strain curves of various Ti samples [104].

Fig. 2.49 showed the microstructures of the CG and HL samples. It was observed that
the grains in the CG sample were equiaxed and then elongated during rolling. Fig.
2.49 (d) showed the lamellar structure after partial annealing.

Fig. 2.49 Microstructure of CG and HL Ti samples: (a) EBSD image of initial CG Ti.
(b and c) TEM images showing non-uniform elongated lamellae in the central layer
and nano grains in the top surface layer after asymmetric rolling, (d) EBSD image of
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specimens after partial annealing, (e) EBSD image showing the annealed grains, (f)
TEM image of heterogeneous lamellar structure [104].

Shot peening is the other commonly used method to fabricate the microstructural
gradient materials. Wang et al. [105] described in detail the entire process of high
energy shot peening (HESP). The plates were first welded and then shot peening
occurred in a pneumatic high energy shot-peening machine. The balls used for
peening were made of stainless steel and had diameters of 1.5 mm. The balls were
driven by high pressure gas to the surface, as shown in Fig. 2.50. After the HESP
treatment, the average grain size at the sample surface could be reduced to 20-30 μm
while the average grain size in the interior of the sample was in the range of 200-300
μm.

Li and Liu [106] applied a HESP treatment with an air pressure of 0.35 MPa and a
processing duration of 30 minus to obtain the gradient materials of TC17. The
distance from the peening nozzle to the surface of the TC17 specimen was 500 mm
and the mass flow rate was 10 kg/min. after the HESP process, the specimen surface
had a grain size of 10.5 nm while the grain size at the sample centre was 120 μm. The
thickness of the nanostructured layer was approximately 20 μm. TEM images of the
topmost portions of the specimens were shown in Fig. 2.51, and TEM images for the
parts below the sample surface were shown in Fig. 2.52 and Fig. 2.53.
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Fig. 2.50 Schematic illustrations of HESP set-up and the plastic deformation on the
surface induced by the ball [105].

Fig. 2.51 TEM images of the surface part of the HESP processed sample: (a) TEM
bright field image and the corresponding SAED pattern; (b) TEM dark field image
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and the grain size distribution; (c) high resolution (HRTEM) image and the
corresponding FFT image of the marked square [106].

Fig. 2.52 (a) Typical TEM BF image located below about 40μm of the topmost
surface; (b) enlarged TEM BF image of the enclosed region in (a); (c) dark field
image corresponding to (b), and related SAD pattern [106].
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Fig. 2.53 TEM BF image located below about 80 μm of the topmost surface: (a)
typical BF image; (b) BF image in another region with corresponding SAD pattern
across grain boundary; (c) DF image of grain boundary in (b) [106].

It was observed from Fig. 2.50-Fig. 2.53 that a gradient structure across the sample
thickness had been generated via the HESP process. In addition to the nanoscale
grains, some amorphous structures have also been observed in the surface NG layer.

The hardness distribution across the specimen thickness was shown in Fig. 2.54. The
hardness near the sample surface was 629 HV, which was much higher than that (440
HV) in the interior of the sample.
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Fig. 2.54 Microhardness distribution with various depths of the sample thickness
[106].

Liu et al. [107] used the HESP process on TC4 Ti alloy to fabricate the gradient
nanostructure sample. The 600 °C annealed specimen has been peened via the air
pressure of 0.25 MPa within 30-60 min. They found that the deformed depth of 160
μm in the sample consisted of several layers, including an equiaxed nanograins layer,
equiaxed UFGs layer, elongated UFGs layer, refined grains layer and low strain
matrix layer, as shown in Fig. 2.55. The sample surface possessed the highest
hardness and the hardness decreased as the depth from the surface increased. The
hardness values at the surface and centre of the sample were 486 HV and 315 HV,
respectively.
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Fig. 2.55 a) SEM image of the HESP processed TC4 Ti alloy of 60 min, b) and d):
Enlarged images at the depth of 130μm and 90μm from the surface respectively, c)
and e): TEM image of b) and d), f): TEM image at the depth of 75μm, g) and h): TEM
bright and dark field images at the depth of 50μm [107].

Fig.2.56 showed the TEM images of pure Ti subjected to the SMAT process [108].
Zhu et al. proposed that the grains were subjected to the following transformation as
the strain increased: 1) the twinning started emerging and the twinning system
intersected with each other (Fig. 2.56 (a)); 2) the lamellas with low misorientation
angles and dense dislocation walls (DDWs) were formed (Fig. 2.56 (b)); 3) the DDWs
spilt and the microbands were formed; 4) the segregation of microbands led to
substructures with low misorientation angles, which gradually evolved into polygon
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submicron grains with the high misorientation angles (Fig. 2.56 (c)); and 5) the
submicron grains were refined further into randomly orientated nanograins (Fig. 2.56
(d)).

Fig. 2.56 TEM images of pure Ti during different deformation stages after SMAT
[108].

Chichili et al. [109] studied the deformation mechanism of pure Ti at high strain rate
deformation, and he and his co-workers have found the same phenomenon, i.e., at
room temperature, when the strain was less than 15%, pure Ti would maintain the
plastic deformation via twinning along {1012}, with the increment of the twinning
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density, the matrix was segregated into paralleled thin lamellar structure. When the
strain increased over a certain critical value, dislocation motion became dominant. A
large number of dislocations accumulated at twinning boundaries and formed
dislocation walls and further formed into dislocation cells, the newly formed
dislocation cells would become submicron polygon grains with low misorienatation
angles. This process was continuous and finally forms the equiaxed nanograins.

Zhao et al. [110] applied severe plasticity roller burnishing (SPRB) to obtain the
ultrafine grained structure near the sample surface. Fig. 2.57 showed the morphology
near the surface. The refined grains have been observed for the depth of 600 μm from
the surface. The corresponding hardness of the topmost layer was 1.76 times that of
the matrix.

Wang et al. [111] used three-roll planetary milling (PSW) to obtain the gradient
structure materials. The schematic of the PSW process was depicted in Fig. 2.58. The
structural gradient sample was obtained by 6 passes of PSW. The grain size near the
surface of the copper rods was reduced from 28μm to less than 1μm.
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Fig. 2.57 SEM image of the cross-section of the SPRB processed specimens [110].

Fig. 2.58 Schematic of the PSW process [111].
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Chapter 3 Experimental Equipment and
Processes
This chapter describes the experimental equipment and processes used in this thesis.
The experimental structural diagram is given below：

Fig. 3.1 The technology road mapping of the entire thesis.

3.1 Sample preparation

Pure cooper and Al as well as the aluminium alloy AA6061 sheets were used as the
raw materials. The purity of copper and Al sheets is 99.95%, and the chemical
composition of AA6061 is listed in Table.3.1.
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Table 3.1 Chemical composition of AA6061

Composition

Fe

Si

Cu

Mg

Mn

Cr

Zn

Weight %

0.7

0.6

0.3

0.1

0.15 0.08 0.25

Ti
0.15

balanced
97.67

All as-received samples were annealed using a muffle furnace. The annealing
temperatures were 300°C, 450°C, 600°C and 750°C for copper, and 350°C, 450°C,
500°C and 550°C for the Al alloys.

3.2 Rolling mill

The accumulative skin pass rolling process (ASPR) was used to fabricate the metallic
sheets with a gradient structure in this research. A two-high rolling mill was used. The
diameter and length of the rolls were 120 mm and 130 mm, respectively. The
maximum rolling force was 50 kN. Two rolls were driven by two separate motors.
Therefore, asymmetric rolling can be carried out using this rolling mill. The speed
ratio between the two rolls was up to 1.4. The surface roughness of the normal roll
was 0.1~0.5 μm. In this work, rolls were ground to have a roughness of approximately
2 μm. It is expected that a rougher roll can increase the shear deformation near the
sample surface due to the asperity ploughing action.
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In the ASPR process, the thickness reduction needs to be controlled to a relatively
small level (≤0.01 mm per rolling pass). To increase the measurement accuracy, a dial
indicator was used to measure the thickness reduction.

3.3 Mechanical test
3.3.1 Tensile test

To determine the mechanical properties of the as-received sheets and the ASPR
processed sheets, tensile tests were performed. The cutting locations for the tensile
test samples and specimens for microstructure characterization are shown in Fig. 3.2.
The detailed geometry of the tensile test samples is shown in Fig. 3.3. The width and
gauge length of the tensile test samples were 6 mm and 25 mm, respectively.
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Fig. 3.2 Schematic of cutting locations for tensile test samples and microstructure
characterization samples.

Fig. 3.3 Geometry of the tensile test sample

Quasistatic uniaxial tensile tests were carried out using an Instron testing machine at
room temperature, as shown in Fig. 3.4. The maximum load of the tensile test
machine was 10 kN. A DANTEC Digital Image Correlation (DIC) system was used to
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measure the strain distribution and accurately monitor the change of the gauge length
during the tensile test.

Fig. 3.4 Instron tensile machine and DIC system.

To carry out the DIC test, the tensile test samples were sprayed on the surface with
black paint as the background, upon which fine white paint speckles were deposited.
During the test, the movement of the speckles can be observed by the cameras from
different directions.
The principle of the DIC measurement is shown in Fig. 3.5. Two cameras were used
in the DIC measurement. A full-field image analysis was conducted to decide the
contour and the displacements of an object under load in three dimensional spaces.
The measurement accuracy can be up to 1/100 pixel. A Matlab program was
developed to post-process the DIC data to determine the change of the gauge length,
engineering stress-strain curve, true stress-strain curve, and local stress and strain after
necking.
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Fig. 3.5 DIC system operation principle [112].

3.3.2 Microhardness and nano-indentation test

Both microhardness and nano-indentation tests were performed. The Indentec Digital
Metallic Vickers Hardness Tester for the microhardness is shown in Fig. 3.6. A load
of 0.098 N was applied in the microhardness tests. The hardness specimens were hot
mounted and mechanically polished to have a clear and smooth surface.
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Hardness tests were carried out on a polished cross section of the samples, using a
Leco micro-hardness tester equipped with a Vickers indenter.

Fig. 3.6 Photo of Digital Metallic Vickers Hardness Tester.

The ultra-micro indentation system (UMIS) with a Berkovich indenter, as shown in
Fig. 3.7, was used for the nanoindentation tests. The radius of the indenter was ~160
nm, the load used was 10 mN and the spacing between two measurement points was
10 μm. The resolutions for the load measurement and depth measurement were 75 nN
and 0.05 nm, respectively.
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Fig. 3.7 Photos of nano-indentation machine: a) entire image, and b) enlarged part of
nano indentator.
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3.4 Microstructure characterization
3.4.1 Optical microscopy

The optical observations were conducted with a Leica DMRM microscope, as shown
in Fig. 3.8. The Video Pro 32 Visual Analysis software was used for microstructure
characterization and analysis. The samples for the optical observation were ground
and polished by the Struers TegraPol-21 polishing machine.

The process of grinding is shown below: For copper, grinding was carried out by
320#, 500# and 1200# silicon papers for 1 min and then polished via Largo 9 μm for 4
mins, Mol 3 μm for 5 mins and, finally, OPS for 2 mins. For aluminium, grinding was
performed by 320# silicon paper and then polished via Largo 9 μm and Mol 3 μm for
6 mins and, finally, OPS for 2.5 mins.
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Fig. 3.8 Illustration of Leica DMRM optical microscopy.

3.4.2 Electron back-scattered diffraction (EBSD)

The EBSD examination was carried out with JSM-7001F. The EBSD operation
voltage was 15 KV. The working distance was 15 mm. The probe current was set at
5.14 nA.

The sample preparation consisted of grinding from 400#, 800#, and 2000# to 4000#
silicon paper and electron polishing.
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There are two major types of metals involved within this dissertation; therefore, two
various electrolytes are necessary. The electrolytes used for AA6061 were 800 ml
ethanol (95%), 140 ml distilled water and 60 ml Perchloric acid (60%). The electron
polishing parameters are as follows: a temperature of 23°C, a voltage of 25 V, a flow
rate of 11, and a time duration of 10 s. For copper, an electrolyte consisted of 500 ml
distilled water, 250 ml phosphoric acid (85%) and 250 ml ethanol (85%). The electron
polishing was conducted at 22 V for 7-10 seconds with a flow rate of 13 at 25 °C.

3.4.3 Transmission electron microscopy (TEM)

TEM observations were carried out with JEOL JEM-ARM200F, which is a 200 kV
probe corrected scanning transmission electron microscope (STEM) capable of
atomic resolution imaging. At 200 kV, the TEM featured a resolution of <0.08 nm,
while at 80 kV, its resolution was <0.14 nm.

The TEM was equipped with a Cold Field Emission Gun with a resolution of 0.3 eV
coupled with the GIF Quantum imaging filter, which enabled the elemental analysis at
the atomic level. The TEM thin film specimens were prepared by focused ion beam
(FIB) cutting using FEI Helios NanoLab G3 CX.
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Chapter 4 Accumulative Skin Pass
rolling of Various Materials
The ASPR experiments of pure copper and pure Al sheets as well as AA6061 strips
are included in this chapter and the microstructure and mechanical properties as well
as the strengthening mechanisms of the ASPR processed samples are investigated in
detail.

4.1 Mechanical properties and microstructure of copper after
annealing

The as-received pure copper sheets were 100 mm  50 mm  3.88 mm in cold rolled
condition. Annealing was conducted in a muffle furnace at 300°C, 450°C, 600°C and
750°C for 2 hours, followed by air cooling to room temperature. The tensile test
samples were wire-cut from the annealed sheets. The tensile tests were carried out at
an initial strain rate of 810-4s-1.
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Fig. 4.1 Engineering stress strain curves of annealed copper samples.

The engineering stress-strain curves of four annealed and as received copper samples
are shown in Fig. 4.1. The 300°C annealed sample exhibits the highest yield stress
and similar to the as received one. This result indicates that the deformation texture
and microstructure have not been completely removed. The 750°C annealed sample
has the lowest yield stress. Both the samples 450°C and 600°C have similar
stress-strain curves. Their yield stresses are slightly higher than that of the 750°C
sample. It seems that the 450°C, 600°C and 750°C samples have been fully annealed.
The 600°C sample exhibits the longest total elongation to failure.

The optical microscope observations of the 450°C, 600°C and 750°C samples are
shown in Fig. 4.2 (a), (b) and (c), respectively. The grains in Fig. 4.2 (a) and (b) are
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relatively homogenous. However, at 450°C, some large grains can still be observed,
while at 600°C the grains become more equiaxed. The 750°C annealed sample
exhibits a grain size much larger than the other two samples. Considering its longest
total elongation to failure and homogenous microstructure, the 600°C annealed sheets
have been chosen as the raw materials with fully annealed structures in the following
research of this chapter. For comparison, the 300°C annealed sheets have also been
chosen as the raw materials with partly annealed structures.

Fig. 4.2 The optical microscope observations of: a) 450°C, b) 600°C and c) 750°C
annealed samples of copper, d) 300°C with e) the as-received sample(the scale bar is
50μm).
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Fig. 4.3 shows the orientation distribution function (ODF) results of the 600°C
annealed sheet on the TD plane. It is clear that the texture is very week, indicating that
the 600 °C annealed sheet has been fully annealed.

Fig. 4.3 ODF image of 600°C annealed sample (TD plane).
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4.2 ASPR process of copper sheets annealed at 300°C

The initial thickness of the copper sheets was 2.97 mm. After the heat treatment at
300°C, the copper sheets were subjected to accumulative skin pass rolling (ASPR) for
10, 20, 50 and 100 rolling passes, which have the total thickness reductions of 5.0%,
11.8%, 32.0% and 63.6%, respectively. The relative thickness reduction per pass is
approximately 0.62% (~0.02mm). The asymmetric speed ratio used in this research is
1.4.

The tensile tests and EBSD were performed for the annealed and ASPR processed
sheets. The specimens for EBSD were electron polished using Struers LectroPol-5
after grinding and mechanical polishing. An electrolyte of 500 ml distilled water with
250 ml phosphoric acid (85%) and 250 ml ethanol (85%) was used. Electron polishing
was conducted at 22 V for 7-10 seconds with a flow rate of 13 at 25°C. EBSD was
carried out using a JSM 7001F (JEOL) field emission scanning electron microscope
(FESEM) on the RD-ND plane at both the surface and mid-thickness of the sheets.

Fig. 4.4 shows the engineering stress-strain curves of the 300°C annealed and ASPR
processed samples. The shapes of the stress-strain curves change with the number of
rolling passes. The annealed sample has a long work hardening stage and large
uniform elongation. The work hardening stage drastically decreases with the number
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of rolling passes, which results in a dramatic decrement of the uniform elongation
[113, 114].

The major tensile properties (yield stress (

), ultimate tensile stress (

) and

uniform elongation (ε )) are collected from Fig. 4.4 and are listed in Table 4.1. The
yield stress (

) is determined by a 0.2% offset method. As observed, the yield stress

and ultimate tensile strength

of the annealed sample are 184 MPa and 248

MPa, respectively, while its uniform elongation ε is 30.1%. After 10 passes, the
ASPR has a thickness reduction of 5%,
to the annealed state,

increases by 36% to 250 MPa compared

reaches 279 MPa and ε is 13.6%. As the rolling

proceeds to 20 passes with the total thickness reduction of 11.8%,

and

increase to 276 MPa and 294 MPa, respectively, but ε significantly decreases to
4.3%. When the rolling pass number reaches 50 and 100, both yield stress and
ultimate tensile stress further increase, and the uniform elongation is reduced to low
values (1.2%-1.4%).
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Fig. 4.4 Engineering stress-strain curves of 300oC annealed and ASPR processed
samples.

Table 4.1

Specimens

Tensile properties of annealed and ASPR processed samples.

Total

/MPa

ε /%

/MPa

Reduction/ %
300°C annealed

0

184

30

248

10 passes rolled

5.0

250

13.6

279

20 passes rolled

11.8

276

4.3

294

50 passes rolled

32.0

303

1.2

333

100 passes rolled

63.6

312

1.4

375

Fig. 4.5 compares the mechanical properties in Fig. 4.4 and the samples fabricated by
SMAT and SMGT [115, 116]. In Fang et al.’s [115] work, the SMGT processed
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copper sample exhibits a gradient structure that has a nanostructure at the surface and
a coarse grain structure in the inner part of the sample. The fabricated sample shows a
yield stress of 129

with a uniform elongation of 31

%. The yield stress

has doubled from 63 MPa, while the uniform elongation of the annealed sample is
42%. Lu et al.’s [116] work with 316 L stainless steel via the SAMT process has
increased the yield stress from 280 MPa to 550 MPa at 30% uniform elongation
(similar to annealed state of 35%). In our work, the rolled sample with 20 passes has a
yield strength of 276

MPa with a uniform elongation of 13.6

%. The

strength has increased 1.5 times while the elongation remains 46% of the initial state.
Of the traditional metal forming processes, rolling is the most efficient process for
large-volume product manufacture due to its continuous operation. This research
proposes the ASPR, a process based on rolling technology, for the bulk manufacture
of sheets that have similar mechanical properties obtained by SMAT and SMGT.
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Fig. 4.5 Comparison in strength and ductility between ASPR and SMAT/SMGT.

Fig. 4.6 presents the EBSD images of the annealed and ASPR processed samples at
two locations, i.e., the surface and mid-thickness. The top panel accounts for the
results near the surface and the bottom panel represents the results at the
mid-thickness. The annealed and rolled samples with 10 and 20 passes exhibit
equiaxed grains at both the surface and mid-thickness. However, the grains gradually
become smaller with the increase in the rolling deformation. After 50 passes of rolling,
the grains start to elongate along the rolling direction, indicating that the deformation
has expanded from the surface to the centre of the sample. After 100 passes of rolling,
the grains become pancake shaped at both the surface and mid-thickness. The average
grain size changes from 85.3

μm in the 300°C annealed sample to 48.2 μm in
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the rolled sample with 10 passes and finally to approximately 4.1 μm in the rolled
sample with 100 passes. The detailed average grain size is shown in Table.4.2.

Fig. 4.6 EBSD maps at the surface and mid-thickness of the annealed and ASPR
processed samples (top panel for surface, bottom panel for mid-thickness, a, f: 300°C
annealed, b, g: 10 passes rolled, c, h: 20 passes rolled, d, i: 50 passes rolled, e, j: 100
passes rolled).

Table 4.2 Average grain sizes at surface and mid-thickness(μm)

300°C

Pass 10

Pass 20

Pass 50

Pass 100

annealed
Surface

85.3

48.2

34.4

10.8

4.1

Mid-thickness

63.6

46.9

35.0

11.4

5.6
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It is observed from Fig. 4.6 that the orientation of the annealed sample is mainly
dominated by the [111] direction. With the development of deformation, the grain
orientation turns to the [101] direction, which is the result of grain rotation during the
deformation.

Fig. 4.7 depicts the distributions of the misorientation angles for the annealed and
ASPR processed sheets. It is observed in Fig. 4.7 that the misorientation angle in the
300°C annealed sample presents two peaks, which are located at near 2° and 60°. This
means that there exist a large amount of both low and high angle grain boundaries.
After the sheets were rolled for 10 and 20 passes, the low angle grain boundaries
increase dramatically, and the peak around 2° reaches the maximum value after 20
passes of rolling. Both peaks decrease after 50 passes of rolling and they further
decrease after 100 passes of rolling.

Fig.4.7 Misorientation angle distribution of the annealed and ASPR processed sheets:
(a, f: 300°C annealed, b, g: 10 passes rolled, c, h: 20 passes rolled, d, i: 50 passes
rolled, e, j: 100 passes rolled, (a)-(e) shows the surface part, (f)-(j) gives the
mid-thickness part).
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The volume fractions of low angle grain boundaries (LAGBs), high angle grain
boundaries (HAGBs) and twinning boundaries (TBs) of the annealed and ASPR
processed sheets are depicted in Fig. 4.8. The LAGBs are in range of 2~15°. It is
observed from Fig. 4.8 that both the surface and mid-thickness locations have the
same trend. Before 20 passes of rolling, the volume fraction of LAGBs increases at
both the surface and mid-thickness and decreases with deformation after the rolling
pass exceeds 20. The trend of HAGBs is the opposite to that of LAGBs. The fraction
of TBs gradually decreases as the deformation proceeds until 50 passes and it rises
slightly after 100 passes of rolling.

Fig.4.8 Volume fractions of LAGBs, HAGBs and TBs of annealed and ASPR
processed sheets.
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Fig. 4.9 shows the ODF maps of Φ2=0° and 45° at the surface and mid-thickness of
annealed and ASPR processed sheets. The intensities of three major fibres (α, β and τ)
at both the surface and mid-thickness are collected from Fig. 4.9 and are plotted in Fig.
4.10. Prior to rolling (red line), the dominant texture type is Brass at the surface and
Copper at the mid-thickness.

With the development of deformation, the intensity along the α fibre decreases. Along
the τ fibre, the highest intensity stays at the position of the Copper component for the
sheets rolled for up to 50 passes at the both surface and mid-thickness. The highest
intensity shifts to the Rotated Cube at the surface after 100 passes of rolling and at the
mid-thickness; it remains around the Copper component. The relative intensity of the
Cooper component of the rolled sample with 100 passes is lower than those of the less
deformed samples, but the intensity of the Rotated Cube is the highest compared to
the samples with less deformation.

The intensity distribution along the β fibre also confirms the above mentioned trend.
In the α fibre line, the Goss component is relatively intense at low deformation, and
then, the intensity decreases with the rolling pass number for high deformation
because the Goss orientation is metastable and can easily be transformed into other
components. The S component is not as strong as the Copper component but still
maintains a relatively high intensity for up to 50 rolling passes.
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Fig. 4.9 ODF sections of annealed and ASPR processed specimens: a) edge part at
υ2=0°, b) centre part at υ2=0°, c) edge part at υ2=45°, d) centre part at υ2=45°.
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Fig. 4.10 Intensity distribution along α-fibre (Φ=45°, υ2=0°), τ-fibre (υ1=90°, υ2=45°)
and β-fibre (υ2=45°~90°) for the annealed and ASPR processed sheets.

In summary, the annealing at 300°C does not cause the copper sheets to have an
annealing texture or random texture. The 300°C annealed samples still exhibit a
rolling/deformation microstructure and the initial grain size is approximately 85 μm.

The samples after the 50 and 100 passes have typical rolling grains elongated along
the rolling direction. After 100 passes of ASPR, the grains are greatly refined to
approximately 4 μm. The tensile testing results show that at the small rolling
reductions (5.0% and 11.8%), the ductility of the sheets is still relatively high (more
than 20%) while the strength is increased by 35.8%. At the medium rolling reductions
(32.0% and 63.6%), the strength of the sheets increases dramatically but the ductility
also decreases significantly.
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At the small rolling reductions, LAGBs dominates. With the increment of rolling
passes and accumulated rolling reduction, the LAGBs evolve into HAGBs. The
texture of the annealed and low rolling reductions samples are dominated by the
Copper component at both the surface and mid-thickness. After rolling up to a
medium reduction (63.6%), the texture is dominated by the Rotated Cube at the
surface and the Copper component with weak Rotated Cube at the mid-thickness.
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4.3 ASPR process of copper sheets annealed at 600°C

The as-received pure copper sheets were annealed at 600°C and then subjected to
ASPR at room temperature. During the ASPR process, the relative thickness
reduction was controlled to be 0.1-0.5%. The ASPR was conducted for 50 passes, and
the total reduction of the rolled samples with 30 passes and 50 passes was 7.5% and
11.7%, respectively.

The tensile test, hardness test and EBSD measurement were carried out for the 600°C
annealed and ASPR processed sheets.

Fig. 4.11 shows the engineering stress-strain curves of the annealed and ASPR
processed samples. Two extra stress-strain curves reported in Refs. [117] and [118]
are plotted in the figure. The sample used in Refs. [117] was fabricated by 60 seconds
SMAT from copper annealed at 900°C. The sample used in Refs. [118] was fabricated
by SMAT from copper annealed at 600°C. It is observed in Fig. 4.11 that compared to
the annealed sample, the stress of the rolled sample with 30 passes has been
significantly increased and the stress increases further after 50 passes of rolling. It is
interesting to note that the stress-strain curve of the rolled sample with 30 passes is
similar to those of the SMAT processed samples reported in Refs. [117] and [118] up
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to the maximum tensile stress. However, the total elongation of the former is larger
than those of the latter samples.

The major tensile mechanical properties (
4.11 and are listed in Table 4.3.

,

and

) are collected from Fig.

of the annealed sample is approximately 42.5

MPa. When the sample is subjected to 30 passes of skin rolling,

increases to

163.4 MPa, which is nearly 4 times higher than the annealed one. The yield stress of
the sample in [117] has been improved from 48 MPa of the annealed sample to 162
MPa, while the yield stress of the sample in [118] is increased from 53 MPa of 600°C
2 hours annealed sample to 190 MPa. The yield stresses of these two samples are
similar to that of the rolled sample with 30 passes obtained in this research. As the
rolling proceeds to 50 passes,

increases to 196.0 MPa, higher than rolled the

rolled specimen with 30 passes. The uniform elongation

of the annealed sample is

40.6%. After 30 passes of rolling, it still maintains a quite high

of 29.9% and then

21.6% after 50 passes of rolling.
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Fig. 4.11 Engineering stress-strain curves of annealed and ASPR processed samples.
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Table 4.3 Tensile properties of annealed and ASPR processed pure copper
samples.
Specimens

Total

/MPa

/%

/MPa

Reduction/ %
annealed

0

42.5

40.6

215.4

30 passes rolled

7.5

163.4

29.9

235.7

50 passes rolled

11.7

196

21.6

245.5

Fig. 4.12 shows the EBSD images of the annealed and ASPR processed samples on
the TD (RD-ND) plane. The scanning area is set to near the surface for better
observation at the topmost part of the specimens. In the annealed sample, the
equiaxed grains and annealing twins are observed. The average grain size of the
annealed sample is 31.3 μm if the twinning boundaries (TBs) are not included and
13.0 μm if the TBs are included. When the sample is subjected to 30 passes of rolling,
the average grain size decreases to 23.3 μm without the TBs and 12.6 μm with the
TBs. The detailed grain size information is depicted in Table 4.4. As the reduction
continues, the average grain size does not change dramatically.
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Fig. 4.12 EBSD maps near the surface of the examined specimens on TD plane:
A-annealed, B-30 passes rolled and C-50 passes rolled.

Table 4.4

Average grain size of annealed and ASPR processed samples.
Average grain size

Average grain size

without TBs/μm

with TBs/μm

Annealed

31.3

13.0

30 passes

23.3

12.6

50 passes

24.6

13.2

Fig. 4.13 shows the enlarged EBSD image near the surface of the specimens. The
annealed sample exhibits the equiaxed grains and the average grain size is 28 μm.
Some very tiny grains exist at the surface of the rolled sample with 30 passes. In the
depth of ten micrometres from the surface, the average grain size is 12.3

μm.

The grain size near the surface of the rolled sample with 30 passes is approximately
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half of that of the annealed sample. For the rolled sample with 50 passes, the average
grain size near the sample surface is approximately 14 μm. According to Hall-Petch
theory [119], the grain refinement results in the increased yield stress, which partially
contributes to the increased yield stress of the ASPR processed samples.

Fig. 4.13 EBSD maps of the specimens near surface: A-annealed, B-30 passes rolled
sample and C-50 passes rolled sample.

To confirm that the surface layer has been refined during the ASPR process, EBSD
was also carried out at the normal plane (ND plane) of the sample. To avoid surface
damage, surface grinding was not conducted and all the specimens were directly
electron polished after they were cleaned in the ultrasonic cleaner with acetone for 15
minutes. The EBSD observations on the ND plane are shown in Fig. 4.14. The
average grain size observed from the ND plane is 23.6 μm for the annealed sample,
close to the 28 μm observed from the TD plane. The average grain sizes of the rolled
samples with 30 and 50 passes near the surfaces observed in Fig. 4.14 are 10.8 μm
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and 10.0 μm, respectively, which are comparable to the grain sizes observed in Fig.
4.13.

Fig. 4.14 The orientation maps at surface of the examined specimens at NP plane:
A- annealed, B-30 passes skin rolled and C-50 passes skin rolled.

The skin pass rolling is a process that confines the deformation to the surface, leaving
the centre of the sample undeformed with the initial grain size. In Lu et al’s work
[120], the nano-sized grains were formed at the sample surface by the surface
mechanical grinding treatment (SMGT). In the present work, the grain size near the
sample surface is still in the micro scale. However, the mechanical properties obtained
in Ref. [117, 118] and the present work is very similar, indicating that there must be
another reason for the increase in the strength.
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The grain boundary (GB) distribution through the thickness direction on the TD plane
is shown in Fig. 4.15. The TBs were determined according to the Palumubo-Aust
criteria [121]. It is interesting to find that the majority of the boundaries are Σ3 TBs in
the annealed sample, while the secondary boundaries are the homogenously
distributed Σ9 GBs. It is observed in Fig. 4.15(b) that a large amount of LAGBs
emerge at the surface of the rolled sample with 30 passes. After 50 passes of rolling,
except for LAGBs near the surface, some LAGBs are observed in the mid-thickness
of the sample, indicating that the LAGBs near the surface were first generated through
the skin pass rolling and, as the deformation continued, the LAGBs were transmitted
from the surface to the inner part of the sample.
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Fig.4. 15 Grain boundary distribution maps of the samples on the TD plane:
A-annealed sample, B-30 passes rolled sample and C-50 passes rolled sample. D
gives the volume fraction variations of LAGBs, HAGBs and TBs.

Fig. 4.13 shows the grain boundary distribution maps of the annealed and ASPR
processed samples on the ND plane. This result confirms that the densities of the
LAGBs gradually increase, and it is reasonable to deduce that the increased density of
the LAGB is also responsible for the increased strength of the rolled sample with 30
passes. The dense LAGBs have not expanded into the interior part of the sample at
this stage, leading to the fact that the uniform elongation remains at the high level.
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Fig. 4.16 Grain boundary distribution maps of the samples on the ND plane:
A-annealed sample, B-30 passes rolled sample and C-50 passes rolled sample.

Fig. 4.15 indicates that the enhanced yield stress may be interpreted by the formation
of LAGBs for the impediment of dislocation movement. As copper is sufficient in a
slip system, the deformation can mainly be completed via slip.

During the entire process, the grains reduced to tens of micrometres, which is much
larger than the critical size of transmission from intragranular dislocation mediated
deformation to the grain boundary mediated plastic activity [122, 123]. As the grain is
large enough to provide sufficient dislocations to interact and kink with each other,
the dislocation is the dominate mechanism for the generation of LAGBs.
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Yu [124] has concluded that there is a high density of dislocation in the
asymmetrically rolled Al sheet. During the asymmetric rolling process, the force
imposed on the work piece is plane strain and shear deformation, and it would exhibit
a homogenous structure along the thickness direction [125], but compared to the
asymmetric rolled sample, the skin pass rolled one should vary across the thickness
direction for the multiple reduction on the surface. The clear data from Fig. 4.16 is
shown in Table.4.5.

Table 4.5

Average grain sizes at the vicinity of surface of annealed and

ASPR processed samples on TD and ND planes.
TD plane/μm

ND plane/μm

annealed

28.0

23.6

30 passes

12.3

10.8

50 passes

14.0

10.0

Average grain sizes near the surfaces of annealed and ASPR processed samples are
listed in Table 4.5. It is observed that the grains near the sample surface have been
refined by the skin pass rolling. However, the grain sizes near the surfaces of the
ASPR processed samples are much larger than those of the samples fabricated by
SMAT, SMGT and HESP. It is interesting to note that the mechanical properties of all
these samples are similar, indicating that the LAGBs play an important role in the
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material strengthening. It is well known that the LAGBs can impede the dislocation
motion and then result in the enhanced yield stress in this sample.

The strengthening effect of LAGBs can be associated with the interaction between the
LAGBs and the dislocations. The nano indentation tests were carried out at the
surface, quarter-thickness and mid-thickness of the annealed and ASPR processed
samples, as shown in Fig. 4.17. Ten nano indentation tests were performed at each
location. The tests near the sample surface were located at the depth of 10 μm from
the surface, which was within the surface strengthening layer.

Fig. 4.17 Nano indentation test at three locations: A-surface, B-quarter-thickness, and
C-mid-thickness.

Fig. 4.18 shows the nano indentation results. It is observed that the hardness is almost
the same across the thickness in the annealed sample. However, after the 30 passes of
rolling, the hardness near the surface significantly increases while the hardness at the
quarter-thickness and mid-thickness slightly increases. After the 50 passes of rolling,
the hardness near the surface has been increased further. The hardness at the
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quarter-thickness slightly increases and it slightly decreases at the mid-thickness. The
hardness gradient of the ASPR processed sample in Fig. 4.18 indicates that the
surface part has a hardness value greater than the centre part. It is clear that the ASPR
process significantly strengthens the surface of the sample.

Fig. 4.18 Hardness distributions in the test samples.

The microstructure observation indicates that the ASPR processed sample has a
surface layer with high density of LAGB. The nano indentation test suggests that this
surface layer has a higher hardness value. To understand the role of the hardened
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surface layer in the mechanical properties, the tensile test sample of the rolled sheet
with 30 passes was polished to remove the surface layer, as shown in Fig. 4.19. After
polishing, the sample thickness was reduced from 3.88 mm to 3.11 mm.

Fig. 4.19 Electron polished tensile test sample.

Fig. 4.20 Engineering stress-strain curves of 30 passes ASPR processed samples
with/without polishing.
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Fig. 4.20 shows the stress-strain curves of the polished sample. For comparison, the
stress-strain curve of the rolled sample with 30 passes before polishing is also
included in the figure. It is observed that the removal of the surface layer reduces the
stress of the sample, indicating that the surface hardening layer has a profound
contribution to the increased yield stress of the ASPR processed sample.

Considering the GB strengthening and dislocation strengthening, the yield stress can
be calculated by the following [126]:
σ=
where

+

√

is the frictional stress.

+k√

(4.1)

can be regarded as the stress that originates

from the annealed polycrystalline [126]. M is the Taylor factor. M= 3.063 is used for
pure copper. α is a constant and α=0.27 is used according to Ref. [126]. G is the shear
modulus. G=44890 MPa for copper. b is the Burgers vector, which is approximately
2.56 1

m for copper [127]. Sv is the boundary area per unit volume of LAGBs
μm-1, in which

is the

grain size diameter of the subgrains (with the misorientation angle≤2°).

is the

and can be calculated from the equation: Sv=2/

fraction of the high angle grain boundary and twin boundary.
misorientation angle between 2 and 15°. Finally,

is the average
is the grain size of

HAGBs and TBs. k is the strength contribution of HAGBs and TBs. For copper, k is
0.14 MPa

[127].
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In this analysis, it has been assumed that the surface area and interior area have
different microstructures and they contribute differently to the strength. The depth of
the surface area is 23.6μm and the thickness of the sample is 3600μm. Therefore, the
yield stress is expressed as follows:
σ={

+

√

+k√

}*23.6/3600+{σ0+

+k√

}*(3600-23.6)/3600.

√
(4.2)

The microstructure values of the rolled samples with 30 passes used in this analysis
are listed in Table 4.6 and σ0 is 42.5 MPa. The calculated yield stress for the rolled
sample with 30 passes is 169.4 MPa, which is close to the experimental measured
value of 163 MPa.

Table 4.6 Microstructure values in the surface area and interior area for 30
passes rolled sample.
Surface area

Interior area

11.2μm

34.1μm

14.0μm

30.9μm

32.5%

92.1%

4.27

4.19
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4.4 ASPR process of pure Al

The as-received pure Al sheet has a dimension of 100 mm 50 mm 2.95 mm. These
sheets were first annealed at 350°C, 450°C to 550°C, respectively, for 2 hours to find
the best annealing temperature.

The tensile test results of the annealed sheets are shown in Fig. 4.21. It is observed
that the 550°C annealed sample exhibits a longer work hardening stage than the other
two samples. The total elongation of the 550°C annealed sample is over 28%. The
550°C annealed Al sheets were used as the starting materials in the following
investigation of the ASPR of pure Al.

Fig. 4.21 Engineering stress/ strain curve of three annealed Al samples
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The ASPR was carried out for 30 and 50 passes, which have total relative thickness
reductions of 4.8% and 9.6%, respectively. The estimated reduction per pass was
approximately 0.2%. Asymmetric rolling was performed and the speed ratio was 1.4.

The stress-strain curves of the annealed and ASPR processed pure Al samples are
shown in Fig. 4.22. Similar to the results of the ASPR processed copper, after 30
passes of rolling, the stress increases, and the elongation is still quite high. After 50
passes of rolling, the stress increases further, but the elongation is significantly
reduced.

Fig. 4.22 Engineering stress-strain curves of the 550°C annealed and 30/50 passes
ASPR processed samples.
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The detailed mechanical properties of the 550°C annealed and ASPR processed
samples are collected from Fig. 4.22 and are listed in Table 4.7. The yield stress of the
annealed sample is 58.4 MPa. After 30 passes of rolling, the yield stress increases to
104.2 MPa, nearly two times that of the annealed sample. The total elongation (TE)
changes from 27.3% to 26.1%, and the uniform elongation drops from 25.0% to
17.7%. When the deformation continues, the yield stress increases to 138.6 MPa and
the uniform elongation (UE) drops dramatically to 4.9%. Compared to the rolled
sample with 50 passes, the rolled sample with 30 passes shows an enhanced
strengthen while the total elongation remains similar to the annealed sample.

Table 4.7 Mechanical properties of annealed and ASPR processed pure Al
samples
YS/MPa

UTS/MPa

UE/%

58.4

135.1

25.0

Pass 30

104.2

134.8

17.7

26.1

Pass 50

138.6

158.2

4.9

15.5

550°C annealed

TE/%
27.3

Fig. 4.23 compares the yield strength and uniform elongation relationship for the
ASPR processed pure Al samples and Al samples processed by SMAT reported in
Ref. [128]. In Liu et al.’s [128] work, the pure Al samples are SMAT processed via
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304 stainless steel balls for 1, 2 and 4 mins. The yield stresses after 1, 2 and 4 mins
SMAT processing are 70 MPa, 82 MPa and 85 MPa, respectively. Smaller than our
ASPR processed Al sample, which has 104.2

MPa for 30 passes and 138.6

MPa for 50 passes. The uniform elongation in our work is 17.7% and 4.9% for the
rolled samples with 30 and 50 passes, respectively. The 1 min SMAT processed Al
exhibits 17% of uniform elongation while its strength is rather low (70 MPa) at the
ductility level, and the ASPR processed Al has a higher strength than the SMAT
processed sample. As it is shown, after 1 minute of the SMAT process, the yield stress
of Al sample reported in Ref. [128] increased by 1.7 times compared to the annealed
state, while in our work, the yield stress has increased by 1.8 times via the ASPR
process.
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Fig. 4.23 Comparison of yield strength-uniform elongation relationship between
ASPR processed pure Al samples and published work (no deviations in the literature).

The EBSD maps and grain boundary distribution maps of the 550°C annealed and 30
passes rolled samples on the TD plane are shown in Fig. 2.24. It is observed that after
annealing at 550°C, the grains of the pure Al grow to become extremely large. The
images in Fig. 4.24 were scanned at a 100 magnification and some large grains cannot
be covered within one image. After 30 passes of rolling, the size of the grains near the
surface becomes smaller. Fig. 4.25 shows the EBSD results measured from the
sample surface (ND plane). It is clear that after 30 passes of rolling, a large amount of
LAGBs exist in the area very close to the surface, which cannot be observed by EBSD
on the TD plane.
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Fig. 4.24 EBSD maps and grain boundary distribution maps of 550°C annealed and 30
passes rolled samples (on TD plane). A: EBSD map of 550°C annealed sample; B:
grain boundary distribution map of 550°C annealed sample; C: EBSD map of 30
passes rolled sample and D: grain boundary distribution map of 30 passes rolled
sample.

Fig. 4.25 EBSD maps and grain boundary distribution mapss of 550°C annealed and
30 passes rolled samples (on ND plane). A: EBSD map of 550°C annealed sample; B:
grain boundary distribution map of 550°C annealed sample; C: EBSD map of 30
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passes rolled sample and D: grain boundary distribution map of 30 passes rolled
sample.

In the classic deformation theory [129], as the deformation starts, the dislocations will
be generated inside the grains and propagate to be compatible with the deformation.
As the deformation accumulates, the dislocations kink with each other to form the
sub-grain boundaries. In this work, to testify that the deformation is confined at the
sample surface and the sample mid-thickness part remains little deformed or
undeformed. Transmission electron microscopy (TEM) has been applied to detect the
dislocations both visually and semi-quantitatively.

Fig. 4.26 shows the TEM observations of the rolled high purity aluminium sample. A
few dislocation lines are observed in two grains in Fig. 4.26 (A). As shown in Fig. 5.6
(B), the dislocation line extends towards the GBs, while discontinuous segments are
observed at the lower side.
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Fig. 4.26 TEM BF image of FIB prepared Al sample: A - bright field image of two
grains of Al with selected area diffraction embedded inside; B - a closer image from
image A with zone axis closer to [111]; C - dislocations under two beam conditions.

The dislocation density is indicative to the dislocation activity and the mechanical
behaviour of the material is dominated via the dislocation activities. The bright field
image under two beam conditions, as shown in Fig. 4.27, was used to determine the
dislocation density. In this condition, only one crystalline plane satisfies the Bragg’s
condition [130-133] to generate the diffraction. Other planes are situated far from the
Bragg’s condition, forming two large diffraction spots with one transmission spot and
the other diffraction spot. Under two beam conditions, the dislocation lines are present
with clear contrast. The dislocation density (ρ) is determined by ρ=l/v, where l is the
length of dislocation lines within the micrograph, v is the volume of the micrograph.
v can be calculated via v=A t, where A is the area of the eye field and t is the
thickness.
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Fig.4.27 Dislocation contrast image under two beam conditions.

As the Kikuchi centre is set to just slightly love the central diffraction spot, a two
beam condition is created. Bright and dark fringes are observed in two enlarged
diffraction spots, as shown in Fig. 4.28. The process and schematic illustration of
measuring the thickness of the film is shown in Fig. 4.29.

The most suitable slopes are first counted, and then, the calculation can be performed
with the line that best fits the index of the slopes. The measured thickness (t) is 4020
Å according to Fig. 4.29. The calculated dislocation density is 3.1

,

indicating that after rolling; the interior part of the sample does not have a high
dislocation density. This result indicates that the deformation has not yet been
transmitted from the surface into the mid-thickness part.
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Fig. 4.28 Fringes on two enlarged tangent spots
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Fig. 4.29 The schematic illustration of measuring the thickness of the film via TEM:
parameter optimising of the slopes through the thickness measurement program, and
Liner Fitting of the calculated of thickness.
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4.5 ASPR of AA6061 sheet

The as-received AA6061 sheets with the dimensions of 100 mm 50 mm 2.95 mm
were annealed at 500°C and 550°C for 2 hours. After annealing, the samples for
microstructural characterization were prepared by grinding, polishing and etching.
The solution for electron polishing and etching has been described in Chapter 3.4.2.
The optical images of the 500°C and 550°C annealed AA6061 samples are shown in
Fig. 4.30. It is found that the 550°C annealed sample exhibits a more homogenous
structure. Table 4.8 shows the micro-hardness test results at different locations. The
550°C annealed sample has the lower hardness than the 500°C annealed sample.
Considering both the microstructure and hardness, it is concluded that the 550°C
annealed sample has a more annealed microstructure than the 500°C annealed sample
and it is used as the raw material in the following study.

Fig. 4.30 10

optical image of A) 500°C, B) 550°C annealed AA6061.
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Table.4.8 Microhardness of 500°C and 550°C annealed AA6061

Hardness

500°C annealed

550°C annealed

63.83

42.20

62.87

43.80

62.77

43.04

62.54

44.65

63.72

43.91

The 550°C annealed AA6061 sheets were subject to ASPR for 80 rolling passes (turn
over the plate after each rolling pass for 40 passes ensuring each side of sheet was
rolled). The asymmetric rolling was used and the speed ratio was 1.4. The total
relative thickness reduction was 9.8% and the reduction per pass was approximately
0.12% (0.0036 mm).

The engineering stress-strain curves of the 550°C annealed and ASPR processed
samples are shown in Fig. 4.31 and the major mechanical properties are given in
Table 4.9. Similar to the ASPR processed pure Al sheet, the yield stress of the ASPR
processed AA6061 sheet increases to 143.0 MPa, which is twice that of the annealed
counterpart. The total elongation of the ASPR processed AA6061 still remains quite
high (approximately 20%). This result clearly demonstrates again that the ASPR
process can significantly increase the material yield stress without significantly
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sacrificing the material ductility. Considering the high efficiency of the rolling
process, the ASPR is a better industry process than SMAT/SMGT to produce high
strength/high ductility sheets.

Fig. 4.31 Engineering stress/strain curves of 550°C annealed AA6061 sample and
ASPR processed AA6061 sample.

It is observed in Table 4.9 that the skin rolled sample with 80 passes has the yield
strength double that of the annealed sample, while the uniform elongation and total
elongation still remains quite high. These results are consistent with the observations
in Chapter 4.1-4.3.
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Table 4.9 Mechanical properties of annealed and ASPR processed AA6061
samples.
Yield stress

Ultimate tensile

Uniform

/MPa

stress/MPa

elongation/%

elongation/%

180.5

22.4

27.3

201.1

14.3

21.3

550°C

72.1

Total

annealed
Asymmetric 143.0
rolling (P80)

The EBSD maps and grain boundary distribution maps are shown in Fig. 4.32. The
annealed sample has homogenous grains, and no obvious low angle grain boundaries
(LAGBs) are observed on the surface of the annealed sample. After 80 passes of
rolling, a large amount of LAGBs appear near the surface, which confirms that the
ASPR process can generate a dense LAGBs layer near the sample surface to enhance
the strength of the entire sample.
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Fig. 4.32 EBSD maps and grain boundary distribution maps of AA6061 samples: A
and C: 550°C annealed sample and B and D: 80 passes rolled samples (Horizontal
axis is the rolling direction; vertical axis is the normal direction).
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4.6 Summary

Annealing at several temperatures was conducted. It is found that the 600°C annealed
copper sample has the longest uniform elongation with a moderate yield stress. The
microstructure observations show that the 300°C annealed sample still exhibits typical
rolling microstructures and the grain size is approximately 85.3

μm, while the

600°C annealed sample exhibits a homogenous grain size distribution and weak
texture.

The 300°C annealed copper samples were subjected to the ASPR processes with up to
100 passes and a small reduction of approximately 0.6% per pass. After the 10 and 20
passes of rolling (5.0% and 11.8% total reduction, respectively), the ductility of the
sheets is still relatively high (more than 20%), while the strength is increased by
35.8%. For the 50 and 100 passes of rolling (32.0% and 63.6% total reduction,
respectively), the strength of the sheets increases dramatically with the drastically
decreased ductility. The textures of the annealed and low rolling reductions samples
are dominated by the Copper component at both the surface and mid-thickness. After
rolling up to a medium reduction (63.6%), the texture is dominated by the Rotated
Cube at the sample surface and by the Copper component with weak the Rotated
Cube at the mid-thickness.
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The 600°C annealed copper sheets were subjected to ASPR of 30 and 50 passes. The
ASPR processed samples exhibit yield stresses nearly 4 times higher than the
annealed sample and their uniform elongations remain rather moderate (29.9% for the
rolled sample with 30 passes and 21.6% for the rolled sample with 50 passes). The
average grain sizes near the surface of the annealed sample, rolled sample with 30
passes and rolled sample with 50 passes are 28.0

μm, 12.3

μm and 14.0

μm on the TD plane, respectively. The grain size of the rolled sample with 30
passes and rolled sample with 50 passes on the ND plane are 10.8
10

μm and

μm, respectively. A large amount of LAGBs is observed near the surfaces of

the ASPR processed samples, indicating that the LAGB density near the sample
surface plays a significant role in the material strengthening. The nanoindentation test
results show that there is a hardness gradient from the surface to the mid-thickness
part of the sample. When the surface hardening layer is removed from the sample, the
strength decreases, indicating that the surface hardening layer plays an important role
in the strength of the sample.

The pure Al and AA6061 sheets annealed at 550°C are processed by ASPR. The yield
stresses of rolled pure Al with 30 passed and 50 passes are 104.2
138.6

MPa and

MPa, respectively, which are approximately 2 times of the yield stress of

the corresponding annealed sample. The total elongations of ASPR processed samples
are still quite high.
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A larger number of LAGBs have been observed near the sample surface, which is
attributed to the enhanced strength. The TEM observation shows that the dislocation
density in the sample mid-thickness part is quite low (3.1

). The low

dislocation density in the interior of the sample is beneficial to the high elongation.

The ASPR processed AA6061 sample of 80 passes exhibits a yield stress of 142.8
MPa, which is 2 times that (72.1 MPa) of the annealed sample. Dense LAGBs have
also been observed near the sample surface.

Both Al and alloy and copper samples exhibit similar trend of obvious enhancement
in strength compared to the annealed sample. However, as the existence of dynamic
recrystallization in Al and alloys, the EBSD results varies with copper sample for
there are extra LAGBs forming in the inner part of the sample which the inner part of
copper sample is clean without obvious LAGBs.
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Chapter 5 ASPR process parameters
study and application
In the ASPR process, the following parameters may have influences on the
mechanical properties and microstructure: 1) friction at the roll/sample interface, 2)
roll speed ratio and 3) thickness reduction par pass (or number of passes for the same
total reduction). This chapter investigates how these parameters affect the mechanical
properties and microstructure of the ASPR processed samples.

5.1 Rolling friction

The pure copper sheets with the dimensions of 100 mm 50 mm 2.95 mm were
annealed at 600°C for 2 hours. After annealing, two sheets were symmetrically rolled
up to 148 passes. The thickness after rolling was 2.70 mm. One of the sheets was
acetone washed and brushed on the surface to increase the surface roughness after
each rolling pass. The brushing was conducted horizontally and vertically on the
surface of the sheet using a stainless-steel brush. The other sheet was rolled with an
oil lubricant. Both sheets undergo a reduction of 8.6% of rolling. It is expected that
rolling the sheet with rough surface has higher friction at the roll/sheet interface than
that with lubricant.
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To study the effects of brushing on the strengthening, one annealed sheet was brushed
before conducting the tension tests. The tensile tests were performed for four sheets,
i.e., an annealed sheet, annealed sheet with brushing, ASPR processed sheet with
brushing and ASPR processed sheet with lubricant.

The engineering stress-strain curves are shown in Fig. 5.1. It is observed that the
surface brushing does not significantly change the stress-strain curve of the annealed
sample. However, the higher rolling friction increases the stress in the ASPR
processed samples. The yield stress of the ASPR processed sample with rough surface
is 169.7 MPa, while the yield stress of the ASPR processed sample with lubricant is
162.8 MPa. The uniform elongation exhibits a similar value at approximately 23.3%
for these two samples. Higher rolling friction induces more shear deformation and
LAGBs near the sheet surface and then results in enhanced strength.

The EBSD maps and grain boundary distribution maps of the copper sheets
investigated above are shown in Fig. 5.2. The annealed sample (A and D) has a very
low density of LAGBs. When the lubrication is used in rolling, some LAGBs are
formed near the sample surface. When the sample surface was prepared by brushing,
a large amount of LAGBs are generated near the sample surface. A thicker layer of
LAGBs is observed in the ASPR processed sample with brushing, which indicates
that the friction affects the generation of LAGBs near the sample surface. Different
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from the samples fabricated by SMAT/SMGT, the sample processed by ASPR has a
gradient in the sub-grain structure (LAGBs) across the thickness rather than a grain
size gradient. The studies in this thesis indicate that the sub-grain structure gradient
can increase the yield stress in the same way as the grain size gradient.

Fig. 5.1 Engineering stress-strain curves of annealed copper sheet(red), annealed
copper sheet with surface brushing(green), ASPR processed sheet with brushing on
surface(blue) and ASPR processed sheet with oil lubricant during rolling(purple).
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Fig. 5.2 EBSD maps (top panel) and grain boundary distribution maps (bottom panel)
of copper samples: (a) and (d), annealed sheet; (b) and (e), ASPR processed sheet
with lubricant; (c) and (f), ASPR processed sheet with brushing.
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5.2 Symmetric vs. Asymmetric rolling

The AA6061 sheets annealed at 550°C were symmetrically and asymmetrically rolled
for up to 80 passes. The thickness was reduced from an initial 2.95 mm to 2.66 mm.
The total reduction was 9.8%. The speed ratio between two rolls was 1.4 for
asymmetric rolling and 1:1 for symmetric rolling.

Fig. 5.3 Engineering stress-strain curves of asymmetrically/symmetrically skin pass
rolled AA6061 samples.
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Fig. 5.3 shows the engineering stress-strain curves of the asymmetrically/
symmetrically skin pass rolled AA6061 samples, and Table 5.1 lists the major
mechanical properties of these two samples. It is found that in Fig. 5.3, both
symmetrically and asymmetrically rolled samples exhibit similar yield stress and
ultimate tensile stress values, but the asymmetrically rolled sample has a longer
uniform elongation and total elongation than the symmetrically rolled one. The above
results indicate that asymmetric rolling can generate slightly better mechanical
properties than the symmetric rolling.

Table 5.1 Mechanical properties of asymmetrically/symmetrically skin pass
rolled AA6061 samples.

Asymmetric

Yield stress

Ultimate tensile

Uniform

Total

/MPa

stress/MPa

elongation/%

143.0

201.1

14.3

21.3

143.8

201.3

11.7

20.1

elongation/%

Rolling (P80)
Symmetric
Rolling (P80)

The EBSD maps and grain boundary distributions maps of asymmetrically and
symmetrically skin pass rolled AA6061 samples are given in Fig. 5.4. The
asymmetrically rolled sample shows a denser LAGBs layer than the symmetrically
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rolled sample near the sample surface, which can be attributed to the larger shear
deformation induced by asymmetric rolling, resulting in the formation of more
dislocations near the surface and the formation of denser LAGBs. The effects of
asymmetric rolling on the generation of sub-grain boundaries are also reported in Ref.
[134].

Fig.

5.4

EBSD

maps

and

grain

boundary

distributions

maps

of

asymmetrically/symmetrically skin pass rolled AA6061 samples: A and C:
asymmetrically rolled sample, B and D: symmetrically rolled sample (Horizontal axis
is the rolling direction; vertical axis is the normal direction).
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5.3 Reduction per pass

5.3.1 AA6061

Two as-received AA 6061 sheets with the dimensions of 100 mm 50 mm 2.95 mm
were first subjected to annealing at 550°C for 2 hours and then rolled for 30 passes
and 300 passes by ASPR. After the ASPR process, s the thickness is the same (2.67
mm) for two rolled sheets. The relative thickness reduction was 9.5%. The absolute
thickness reduction per pass was approximately 0.0093 mm and 0.00093 mm for the
rolled samples with 30 passes and 300 passes, respectively.

The engineering stress-strain curves of the rolled samples with 30 passes and 300
passes are shown in Fig. 5.5. It is observed that the reduction per pass significantly
influences the yield stress for the AA6061 sheets. The rolled sample with 300 passes
has a higher yield stress (206.3 MPa) than the rolled one with 30 passes (187.6 Mpa),
while the uniform elongation of both samples are similar (11.4% and 10.2%,
respectively).
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Fig. 5.5 Engineering stress-strain curves of 30 and 300 passes rolled AA6061 sheets.

The EBSD maps and grain boundary distribution maps of 30/300 passes rolled
AA6061 sheets are shown in Fig. 5.6. It is clear that compared to the rolled sample
with 30 passes, the rolled sample with 300 passes has a denser LAGBs layer near the
sample surface. The LAGB layer of rolled sample with 30 passes does not cover the
entire surface. It can be inferred that the smaller reduction per pass can generate more
LAGBs near the sample surface after the same total thickness reduction.

In Ref. [135, 136], the SMAT/SMGT treatments resulted in the nano-structured grains
near the sample surface. In the ASPR process, the sheet is subjected to a small
thickness reduction. It is known that there is a relative movement between the roll
surface and the sheet in the roll bite. Due to this relative movement, the asperity of the

142

Chapter 5 ASPR process parameters study and application

roll surface ploughs the sheet surface and induces the shear deformation in the surface
layer. Therefore, the ASPR process can be regarded as a grinding or attrition process
on the surface of the rolled sheet.

Fig. 5.6 EBSD maps (top panel) and grain boundary distribution maps (bottom panel)
of 30/300 passes rolled AA6061: (a), (c) 30 passes rolled sample; (b), (d) 300 passes
rolled sample.
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5.3.2 Pure Al

The pure Al annealed sheets were subject to ASPR with the same reduction of 9.0%
and different rolling pass numbers (50 and 250). The thickness reductions per pass for
the 50 passes and 250 passes of rolling are 0.18% and 0.036%, respectively. Fig. 5.7
shows the engineering stress-strain curves of the ASPR processed samples. It is
observed from Fig. 5.7 that the reduction per pass significantly influences the ultimate
tensile stress (UTS) of the pure Al sheets. The rolled sample with 250 passes has a
similar yield stress of 108.3 MPa to that of the sample with 50 passes (108.6 Mpa),
while the UTS of the sample with 250 passes is 148.3 M Pa and is higher than the
sample with 50 passes (140.7 Mpa). The total elongation of Al with 250 passes is
23.4%, while that with 50 passes exhibits 22.3%.

Fig. 5.7 Engineering stress-strain curves of 50 and 250 passes rolled pure Al sheets.
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5.3.3 Copper

The as-received pure copper sheets with a thickness of 2.98 mm were subjected to
heat treatment at 600°C for 2 hours followed by air cooling. After the annealing, one
sheet was symmetrically rolled by a single pass of 39.2% reduction and the other
sheet was processed by ASPR with 400 passes. After 400 passes of rolling, the
thickness of the sample reduces to 1.81 mm with a reduction of 39.2% (true strain
0.49), which is the same as the single pass rolling. The thickness reduction per pass is
0.003 mm (0.09%). In the ASPR process, the sheet was acetone washed at the surface
and brushed using a stainless steel brush horizontally and vertically after each pass.
The rolls have a roughness of 2 μm.

The engineering stress-strain curves of the annealed, single pass rolled and rolled
samples with 400 passes are shown in Fig. 5.8. The single pass rolled and rolled
samples with 400 passes exhibit the similar yield stresses of 387.4 MPa and 392.6
MPa, respectively. However, the total elongation of the rolled sample with 400 passes
is 13%, which is much larger than that of the single pass rolled sample (8.9%). This
result is similar to the results reported by Yu et al. [137] and clearly indicates that the
ASPR process can improve the material ductility compared to the normal rolling
process.
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Fig. 5.8 Engineering stress-strain curves of annealed, single pass rolled and 400
passes rolled samples.

The micro-hardness tests were carried out for the annealed sample, 400 passes ASPR
processed sample and single pass rolled sample. The applied load was 0.049 N. There
were 65 points across the sample thickness. The distance between two adjacent
measurement points was approximately 28 μm.

146

Chapter 5 ASPR process parameters study and application

Fig. 5.9 Micro-hardness distribution through the thickness of annealed sample (A),
400 passes ASPR processed sample (B) and single pass rolled sample (C).

The micro-hardness test results are shown in Fig. 5.9. Two groups of test results are
included in the figure for each sample. For the annealed sample, the hardness
distribution is quite uniform, and the average hardness is approximately 106.7 HV.
For the single pass rolled sample, the hardness slightly decreases from the left-hand
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side to the right-hand side. The small variation of the hardness in this sample may be
due to the difference in the strength of the annealed sample across the thickness. The
average hardness of the single pass rolled sample is 148.1 HV. The hardness results of
the single pass rolled sample indicate that the deformation has penetrated into the
mid-thickness part of the sample.

In the rolled samples with 400 passes, the surface areas have high hardness, although
the left-hand side surface has a higher hardness than the right-hand side surface. The
average hardness of the surface areas and mid-thickness area are 145.6 HV and 111.5
HV, respectively. It is clear that the ASPR process improves the strength of the
surface layer of the rolled sample and the hardness in the mid-thickness area remains
the same as the annealed sample. The gradient in hardness indicates that the
microstructure must be different from the sample surface to the sample mid-thickness.

It is interesting to see that the average hardness near the surface of the ASPR
processed sample is close to that of the entire-thickness average hardness of the single
pass rolled sample, while the average hardness in the mid-thickness area of the ASPR
processed sample is much lower than the entire-thickness average hardness of the
single pass rolled sample. It is also noted that the single pass rolled sample and the
ASPR processed sample have similar yield stress values. The above result indicates

148

Chapter 5 ASPR process parameters study and application

that the surface layer strength plays a very important role in the overall yield strength
of the sample.

Fig. 5.10 GBs distribution maps of 400 passes ASPR processed sample (a) and single
pass rolled sample (b).

The GBs distribution maps of 400 passes ASPR processed sample and single pass
rolled sample at the same reduction are shown in Fig. 5.10. The single pass rolled
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sample exhibits a homogenous LAGBs distribution through the sample thickness
while the LAGBs are dense near the sample surface and its density gradually
decreases towards the interior part in the ASPR processed sample. The sub-grain
structure gradient in the ASPR processed sample should be responsible for the
hardness gradient observed in Fig. 5.9 and the strengthening of the ASPR processed
sample. Less dense LAGBs in the interior of the ASPR processed sample are
responsible for higher total elongation to failure.

Lu et al. concluded [138-140] that for the grain size gradient materials, the refined
grains near the sample surface are responsible for the enhanced strength, while the
coarse grains in the interior of the sample help to maintain the ductility. In the present
study, the enhanced strength of the ASPR processed sample is caused by dense
LAGBs near the sample surface while its interior part has fewer LAGBs leading to the
improved ductility.
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5.4 Application of optimised process parameters

The research conducted in Sections 5.1-5.3 demonstrates that asymmetric rolling,
smaller reduction per pass and high friction condition can generate more LAGBs near
the sample surface and in turn improve the mechanical properties. In this section, the
optimised ASPR process will be applied to fabricate the sub-grain structure gradient
in the copper sheet.

The as-received copper sheets were annealed at 600°C for 2 hours. The thickness of
the copper sheet was 2.88mm. An ASPR process was designed to include asymmetric
rolling, smaller reduction per pass and surface roughening. The flow chart of this
process is shown in Fig. 5.11. The disadvantage of the asymmetric rolling is that the
sheet is curved after rolling. The flattening of the sheet may change the mechanical
properties due to the Bauschinger effect [141]. Therefore, the alternating symmetric
rolling and asymmetric rolling were used, namely, nine passes symmetric rolling is
followed by one pass asymmetric rolling with a speed ratio of 1.2. The sheet surfaces
were roughened by a stainless steel brushes every 10 rolling passes. 260 rolling passes
were carried out. The small thickness reduction per pass of 0.001 mm was used. The
final sheet thickness was 2.63 mm and the total relative thickness reduction was 8.7%.
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Fig. 5.11 Flow chart of optimised ASPR process.

The engineering stress-strain curves of the annealed sample and the 260 pass ASPR
processed sample are shown in Fig. 5.12. The yield strength and total elongation of
the annealed sample are 46.7 MPa and 44.7%, respectively. After 260 passes of
rolling, the sample exhibited 192.7 MPa in the yield strength and 44.3% in the total
elongation. It is interesting to note that the optimised ASPR process significantly
increases the yield strength and that the total elongation remains nearly the same as
that of the annealed sample.
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Some comparisons with SMAT and SMGT results are shown in Fig. 5.13. In our
present work, the 260 passes ASPR processed copper has the yield stress of
192.7

MPa with a uniform elongation of 44.3

copper [115] exhibits yield stress of 129

%, the SMGT processed

MPa with a 31

Our result shows the higher strength (192.7
as well as a longer uniform elongation (44.3

% uniform elongation.

) with the SMGT produced one
%). In Liu et al.’s [142] work of

SMAT processed copper, the specimen exhibits a yield stress of 152
32

MPa and a

% uniform elongation after the surface strengthening treatment, which is lower

than the results in 260 passes ASPR sample. Yang et al. [143] SAMT treated the
copper sample and the yield stress improved from 53
3 times with a 29

MPa to 160

MPa, nearly

% uniform elongation. Our result also shows that the yield stress

has promoted from initial 46.7 MPa to 192.7 MPa (4 times) with rather high ductility.
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Fig. 5.12 Engineering stress-strain curves of annealed sample and 260 passes ASPR
processed sample.

Fig. 5.13 Comparison with published results.
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The conventional dislocation theories indicate that the Frank-Read source starts to
emit a dislocation when the applied stress reaches yield stress and the dislocations
interact the obstacles, particles or even dislocations themselves [144]. Zaloa [145]
noted that before yielding the pre-yield stage consisted of the liner Hooke relationship
and non-liner anelastic process. The total strain εpre can be described by Eqn. (5.1).
εpre=εe+εa

(5.1)

where εe is the purely elastic strain and εa is the anelastic strain due to bowing-out of
the dislocation line. As the purely elastic strain is the liner Hooke elastic process, the
εe=σ/E

(5.2)

where E is the Young’s Modulus and σ stands for the applied stress. When the load
begins, σ=0 and the dislocation segment is a straight line, as shown in Fig. 5.14 (a).
As the stress increase towards yield stress, the dislocations bow out and begin to form
a semi-circle, as shown in Figs. 5.14 (b) and (c).

Fig. 5.14 Schematic of the bow-out process of a dislocation segments: (a) before the
stress applies, (b) equilibrium state and (c) after reaching yield stress [145].
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At the yield point, the dislocation segment is almost one semi-circle and the area A
that the dislocation swept out is calculated by the following:
A= r2 (υ-sinυ)

(6.3)

where υ is the subtended angle, r is the radius of curvature of the bow-out dislocation
length.

Beyond the yield stress, the dislocation loops begin to be emitted from the
Frank-Read source, leading to the onset of the plastic deformation. The yield stress
can be calculated by the following:
σy=MGb/l

(5.4)

whereM is the average Taylor factor, G is the shear modulus and b is the length of
Burgers vectors. l is the length of the dislocation line. In this work, the material is
pure copper. M is 3.06 and G is 39 GPa and the Burgers vector is 2.54×10-10 m for the
copper. The yield stress of the 260 passes ASPR processed sample is 192.7 MPa.
Therefore, the length of the dislocation line calculated by Eqn. (5.4) is 157 nm.

To characterise the dislocation configurations during the anelastic process, the
derivative of the stress-strain curve (Θpre) before the yield point or for the pre-yield
regime is calculated by the following:
Θpre= dσ/dε

(5.5)

For the pre-yield stage, ε equals to εpre and Eqn. (5.5) can be rewritten as follows:
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Θpre= dσ/dε= dσ/dεpre
Θpre = EΘa/(E+Θa)

(5.6)

where Θa is the anelastic contribution to the pre-yield stage [145]. Zaloe et al. [145]
proposed a new method to determine Θpre using the extended Kocks-Mecking plot.
The extended Kocks-Mecking plot of the 260 passes ASPR processed sample is
shown in Fig. 5.15.

Fig. 5.15 Extended Kocks-Mecking plots of 260 passes ASPR processed sample.

Θpre is determined as σ approaches zero. Θpre(σ0 ) = 107.2GPa for the 260 passes
ASPR processed sample, the E of copper is 119GPa. Θa can be calculated via Eqn.
(5.6).
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107.2GPa=119GPa Θa/(119GPa+Θa)

Therefore, the calculated Θa for the 260 passes ASPR processed sample is 4058.6 GPa.
Θa can be linked to the dislocation density by the following equation:
Θa=3



(5.7)

where ν is the Poisson’s ratio. ν=0.31 is used for copper. The dislocation density of
260 passes ASPR processed sample calculated by Eqn. (5.7) is 2.31×1013 m-2.

TEM was also used in this study to estimate the dislocation density for the 260 passes
ASPR processed sample. The TEM observation was carried out via JEOL ARM 200F
with the operation voltage of 200kv and the current of 14.3 μA.

To determine the dislocations by TEM, the first step was to setup two beam
conditions to characterise the dislocations with a doubt tilt holder. TEM observations
under two beam conditions are shown in Fig. 5.16 (a) and (b), the corresponding
diffraction spots are shown in Fig.5.16 (c) and (d).
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Fig. 5.16 Dislocation characterization and corresponding diffraction pattern under two
beam conditions.

The higher magnification of a grain under two beam conditions is shown in Fig. 5.17.
A large number of dislocations are observed in this grain. It is observed that the
dislocations have formed a two sub-grain boundary across the grain.
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For dislocation cells, the dislocation density satisfying invisibility criteria can be
determined using the following formula [146]:
ρ= (2n) / (Lt)

(5.8)

where n means the intersections of lines with dislocations, L is the length of lines and
t is the thickness of the TEM film.

If there are no dislocation cells, the equation can be modified as follows [146]:

ρ=

(

)

(5.9)

where t is the thickness, L1 and L2 are the length of crossing lines, n1 and n2 are the
intersections of crossing lines with dislocations. Eqn. (5.9) is used to determine the
dislocation density in the present study.

There are two methods for determining the thickness (t) of the TEM film, i.e., the
electron energy loss spectroscopy (EELS) method and the convergent beam electron
diffraction (CBED) method. EELS is widely used for the FIB processed sample, while
CBED is more accurate but it is more suitable for a 3 mm disk TEM sample.

The two methods used for the determination of the film thickness are shown in Fig.
5.18 and Fig. 5.19. The estimated thickness by EELS is 62 nm, while it is 58 nm by
CBED. In this work, we will use 58 nm. Typically, the thickness measured by EELS
is larger than that by CBED. EELS method only measures the entire area of the film,
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which consists of oxidant, thinning and thick area, while CBED is only confined to
the crystalline zone or grains. CBED contains mainly the information of the
crystalline area.

The dislocation density estimated by Eqn. (5.9) is 1.60 1013 m-2, which is in the same
order of the calculated dislocation density of 2.31 1013 m-2 by Eqn. (5.7). These two
values are similar for after the deformation, the dislocations multiplied and involved
with deformation process. In other aspects, the dislocation density estimated from
TEM is smaller than the calculated one possibly because Eqn. (5.7) calculates the
density of all dislocations, including mobile dislocations and immobile dislocations,
while TEM only observes immobile dislocations since mobile dislocations escape
from the sample surface.
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Fig. 5.17 Enlarged BF image of single grain under two beam conditions for
characterization of dislocations.

Fig. 5.18 Electron energy loss spectroscopy (EELS) method for thickness
determination.
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Fig. 5.19 Convergent beam electron diffraction (CBED) method for thickness
determination.
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5.5 Summary

The effects of three ASPR process, namely, friction at the roll/sample interface, roll
speed ratio and thickness reduction par pass parameters, on the mechanical properties
and microstructure were investigated in this chapter.

The sheet surfaces were brushed before each rolling pass to increase the friction
between the rolls and the sheet. It is found that the higher rolling friction increases the
stress of the ASPR processed samples.

The results of the asymmetric rolling and symmetric rolling are compared. It is
observed that the asymmetrically rolled sample has a longer uniform elongation and
total elongation than the symmetrically rolled one.

The thickness reduction per pass plays an important role on the material stress. For
AA6061, the smaller reduction per pass increases the yield stress. For pure aluminium,
the smaller reduction per pass increases the ultimate tensile stress.

An ASPR process with the optimised process parameters was designed to fabricate
the sub-grain structure gradient in the copper sheet. The optimised ASPR process

164

Chapter 5 ASPR process parameters study and application

significantly increases the yield strength and the total elongation remains nearly same
as the annealed sample.
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Chapter 6 Conclusions and
recommendations
6.1 Conclusions

A process using the accumulative skin-pass rolling (ASPR) technique was developed
to fabricate the large-volume metallic strips with gradient structure in this work. The
mechanical properties and microstructure in the ASPR processed aluminium and
copper were systematically investigated, the conclusions are listed as follows:

The 300°C annealed copper sheets were subjected to ASPR of 10, 20, 50 and 100
passes, and the 600°C annealed copper sheets were subjected to ASPR of 30 and 50
passes. It is found that the ASPR processed samples exhibited yield stresses that are
much higher than the annealed sample. The uniform elongations still remain rather
moderate (for example, 29.9% for the rolled sample with 30 passes and 21.6% for the
rolled sample with 50 passes using the 600°C annealed aluminium sheets as the
staring materials). It is found that the density LAGBs layers are formed at the surfaces
of the ASPR processed samples and that the coarse grains remain in the interior of the
sample. The dense LAGBs surface layers are responsible for the increased strength,
and the coarse grains in the sample interior are responsible for the high uniform
elongation.
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The pure Al and AA6061 annealed sheets were processed by ASPR. The yield
stresses of 30 passes and 50 passes rolled pure Al were 104.2

MPa and 138.6

MPa, respectively, which were approximately 2 times of the yield stress of the
corresponding annealed sample. The total elongations of the ASPR processes samples
are still quite high. A larger number of LAGBs are observed near the sample surface,
which is attributed to the enhanced strength. The TEM observation shows that the
dislocation density in the sample mid-thickness part is quite low (3.1

).

The low dislocation density in the interior of the sample is beneficial to the high
elongation. The ASPR processed AA6061 sample of 80 passes exhibits a yield stress
of 142.8 MPa, which is 2 times that (72.1 MPa) of the annealed sample. Dense
LAGBs have also been observed near the sample surface.

The effects of three ASPR process, namely, the friction at the roll/sample interface,
roll speed ratio and thickness reduction par pass parameters, on the mechanical
properties and microstructure were investigated in this chapter. It was found that: 1)
the higher rolling friction increases the stress of the ASPR processed samples; 2) the
asymmetrically rolled sample has a longer uniform elongation and total elongation
than the symmetrically rolled one; and 3) the thickness reduction per pass plays an
important role in the material stress. For AA6061, the smaller reduction per pass
increases the yield stress. For pure aluminium, the smaller reduction per pass
increases the ultimate tensile stress.

167

Chapter 6 Conclusions and recommendations

An ASPR process with the optimised process parameters was designed to fabricate
the sub-grain structure gradient in a copper sheet. The optimised ASPR process
significantly increases the yield strength, and the total elongation remains nearly same
as that of the annealed sample.
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6.2 Recommendations for future works

All the experiments in this thesis were carried out at room temperature. It has been
reported [85,147] that the cryogenous rolling is beneficial for suppressing the
recovery and in turn reduces the grain size. The ASPR at the cryogenous temperature
should be performed in the future.

The materials used in the present study are FCC materials. It is know that FCC
materials have more slip systems than BCC and HCP materials. It is not clear so far
whether the dense LAGB layers can be formed at the surfaces of the BCC and HCP
materials. This will be a research topic for the future works.

In addition, the thicknesses of all the samples used in this thesis were the same. The
effects of the sample thickness on the formation of thee dense LAGB surface layer,
yield strength and ductility have not been studied. The ratio of the dense LAGB
surface layer thickness to the sample thickness may influence the mechanical
properties. It is recommended that the sample thickness effect should be investigated
in the future.

The results of 260 passes copper sample is of great interest in which it has shown a
high yield strength with rather high uniform elongation. The sample selection should
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be noticed that it has been cut along the vertical direction against the rolling direction
of received specimens: as the raw material has been rolled and the rolling direction is
along longitude of the strip. Whether the good results are stem from the selection of
material, attention should be paid.
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